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PREFACE TO THE SECOND EDITION 


As stated in the Preface to the First Edition, this entire 
work has been planned on the basis of the fact that one cannot 
really understand the application of heat to power plant work 
unless one is familiar with the basic fundamentals of the sub- 
ject, Hence, the first fourteen divisions of this book have 
been devoted to the theory of heat, presented by the author in 
simple language and without the use of complicated mathe- 
matics. Since the theory of heat as covered in this book has 
not changed, little revision has been necessary in this part 
of the book. The remainder of the book deals with the 
application of these fundamentals to power plants. The art 
of power plant design has advanced materially since the 
author ^s original work; hence these latter divisions needed 
revising. Mr. Croft was unable to undertake this work and 
I have been authorized to do it for him. 

In revising this book I have endeavored to maintain the 
author’s style and simplicity of language and presentation. 


New York City, 
December, 1938. 


R. B. Purdy. 




PREFACE TO THE FIRST EDITION 

Practical Heat endeavors to live up to its title. It 
endeavors to be just what its title indicates. It is a book on 
heat and the practical applications of heat, which may be 
intelligently followed by persons of limited mathematical 
attainments. A working knowledge of arithmetic should 
sufl&ce. Matters of theoretical interest only have been 
avoided. While it is emphasized that this is a '^practicaP^ 
book, it should not be inferred that theory has been ignored. 
On the contrary, the entire work has been planned on the 
basis of this fact, that one cannot really understand the prac- 
tical or application features of any subject unless he is familiar 
with the fundamental theory of the subject. 

So, in Practical Heat great care has been exercised in the 
preparation of its earlier divisions to establish firmly these 
fundamental principles which underlie all heat phenomena. 
But in establishing these principles the controlling policy has 
been to present all ideas in such a way that they can be readily 
understood by those of limited education. While simplicity 
has been the keynote, technical accuracy has never been sacri- 
ficed. Hence, the book should also prove useful to any reader 
— regardless of the excellence of his previous education — who 
desires an accurate, easily-assimilated treatment of the subject. 

Drawings for all of the illustrations were made especially 
for this work. It has been the endeavor to design and render 
these pictures so that they will convey the desired information 
with a minimum of supplementary discussion. 

Throughout the text, principles which are presented are 
ox})lained with illustrated descriptive expositions or with 
worked-out arithmetical examples. At the end of each of the 
19 divisions there are questions to be answered and, where 
justified, problems to be solved by the reader. These ques- 
tions and problems are based on the text matter in the division 
just preceding. If the reader can answer the questions and 
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solve the problems, he then must be conversant with the sub- 
ject matter of the division. Detailed solutions to all of the 
problems are printed in the appendix in the back of the book. 

As to the method of treatment: Force, pressure, work, 
energy, and power, are first considered because they are 
fundamental concepts upon which all physical science is 
founded. Next follows a discussion of the nature of heat, its 
basic significance, its one source, and its relation to matter 
and temperature. 

Succeeding this, in the division on Heat — Its Measurement 
And Transformations^ the fundamental laws of heat phe- 
nomena, such as the first law of thermodynamics, the second 
law of thermodynamics, and the fundamental heat-transfer 
equation, are expounded in a simple manner. Upon the 
principles and laws which are stated in this division (and 
which are more fully developed in the succeeding divisions) 
are based all practical engineering processes. 

The effects of heat, such as the- expansion and contraction 
of solids and liquids, the heat phenomena of gases, the melting 
and freezing of substances, vaporization, and the properties 
of vapors, are then examined. In the division on Heat 
Phenomena Of Oases it has been the endeavor to treat this 
rather theoretical subject so that the practical man — or one 
with little mathematical training — can readily understand 
it. 

Following this discussion of the effects of heat, gas and vapor 
cycles are introduced, since the principles involved therein 
form the groundwork of all practical heat-engine and heat- 
power-plant design. In the next division the subjects of 
combustion, fuels, steam power plants, internal-combustion- 
engine power plants, building warming, and refrigeration are 
given space, as they are the practical applications of heat 
phenomena. In these application'^ divisions the aim has 
been to demonstrate how the principles which were developed 
in the preceding divisions are employed in practical heat 
engineering. Finally, a division on instruments is included. 
In this are shown the various instruments which are employed 
in heat engineering; their purposes, usefulness, and limitations 
are examined. 
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IX 


With this, as with other books which have been prepared by 
the author, it is the sincere desire to render it of maximum 
usefulness to the reader. It is the intention to improve the 
book each time it is revised and to enlarge it as conditions 
may demand. If these things are to be accomplished most 
effectively, it is essential that the readers cooperate. This 
they may do by advising the author of alterations which they 
feel would be desirable. Future revisions and additions will, 
insofar as is feasible, be based on such suggestions and critic 
cisms from the readers. 

Although the proofs have been read and checked very care- 
fully by a number of persons, it is possible that some undis- 
covered errors may remain. Headers will confer a decided 
favor in advising the author of any such. 


University City, 
St. Louis, Mo., 
February, 1923. 


Terrell Croft. 
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DIVISION 1 

FORCE, PRESSURE, WORK, ENERGY, POWER 

1. Such Terms As “Force,” “Work,” “Energy,” And 
“Power” Are Discussed At The Outset because an under- 
standing of their technical significance is essential to the 
intelligent study of heat and its effects. As the reader pro- 
ceeds, it will be shown that heat is energy. Furthermore, 
energy is stored work and work is force multiplied by distance. 
If the student is thoroughly familiar with these ideas he need 
not, necessarily, read Div. 1. But probably, in any case, a 
review "will be profitable. 

2. A “Force” Is A Push Or A Pull; this is the technical 
meaning of the word force. That is, a force is anything which 
has a tendency either to impart motion to a body which is at 
rest, or to change or destroy the uniformity of the motion of a 
moving body. A force may be due to an attraction or a repul- 
sion. Also, not only may a condition of rest or motion be 
altered by a force but the body itself may be altered thereby. 
It may be stretched, compressed, twisted, or bent. 

Example. — If a force is applied to a stationary body, the body then 
moves or tends to move. If the body is already in motion, its speed or 
its direction of motion will be changed by the application of the force. 
Or, possibly, both its speed and its direction may be changed. The speed 
may be increased or decreased, depending on whether the force assists or 
opposes the motion. 

Example. — The most common force is that due to gravity. It is 
called weight. If a thing weighs 10 lb., this means that the earth pulls on 
it with a 10-lb. force. Steam exerts force on an engine piston. Internal 
steam pressure exerts force on the bolts in a flanged pipe union. The 
bolts exert a restraining force. 

3. The “Pound” Is A Unit For Measuring Force. — A 

properly calibrated spring balance (Fig. 1) will indicate the 
magnitude of a force in pounds. Other weighing devices may 
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sometimes be used to determine the magnitudes of forces. 
Although units other than the 'pound — such as the ^^ounce/^ 
^^gram,” 'Hon” and "kilogram” — can be used for measuring 
forces, the "pound” is the one which will be employed most 
often in this book. 

Note, — I isr Practically All Heseabch Work, Akl Altogether 
In" Europe, Great Britain Excepted, Metric Units Are Used for 

measuring forces and weights. The gram is 
the metric-system unit of force and weight. 
The kilograrriy a larger unit, is 1,000 grams. 
See Table 4. 

Example. — Figure 1 illustrates the force of 
gravity. Gravity is pulling the weight, W, 
down with a force of lb. Opposing the 
downward pull, the spring in the balance is 
pulling up with a force of lb. Thus here, 
as always, there are two equal and opposite 
forces. 

Example. — In Fig. 2, the spring balance is 
measuring pulling forces. Note that there are 
two opposing 10-lb. forces. One is exerted by 
each hand. These two forces must be equal 
and opposite. 

Example. — To move a freight ear (Fig. 3) 
along a track, a force, P, must be applied. 
This force, or draw-bar pull, is necessary to 
overcome the friction of the wheels on the 
track, that of the axles in the bearings, and the 
resistances due to wind pressure and inertia. 
The sum of these opposing forces must be 
equal and opposite to the draw-bar pull. If, 
in some manner, the friction be decreased, the 
force of 625 lb. will be more than sufficient to 
pull the car at the speed at which it had been 
traveling. The excess force will then become 
effective in overcoming the inertia of the car. Thus, the car’s speed will 
be increased until the wind and other resistances become sufficiently 
great that the 625-lb. draw-bar pull is just counterbalanced by them; 
then again the car will be drawn along at a constant though greater 
speed. 

Note. — The Difference Between Weight And Mass should be 
understood. The mass of a body is that which remains unchanged in all 
the transformations which the body may undergo. The weight of a body 
is the gravitational force or pull which is exerted on the body hy the earth. 
The weight of a body is different at different points on the earth; on a 
mountain peak its weight will be less than at sea level. Were the body 



Fig. 1 . — Weight is force 
due to gravity; the spring 
balance reads 3^:^ Ih- 
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carried (if possible) to the center of the earth, its weight there would be 
zero. But its mass is independent of its position. The standard or 
unit of mass is (in the English system) the pound mass which is the 
amount of mass in a certain lump of metal that is carefully preserved in 
Lfondon, The unit of weight is the pound force which is the force required 



Fia. 2. — Force due to a pull; the spring balance reads 10 lb. 


to support the standard pound (mass) body at sea level and 45 deg. 
latitude. Weights are indicated by spring balances; masses are indicated by 
platform balances. Thus, if a pound mass were supported by a spring 
balance and carried to different elevations, the balance would show 



Fia. 3. — Draw-bar pull (force) on freight car. 


different weights for the same substance — if it were carried to the center 
of the earth it would read zero. But, if a pound mass were balanced on a 
platform scale against another equal mass, the two masses would balance 
at all points on or in the earth. 

It is a fact, however, that the weight of a body for different places on 
the earth’s surface varies, between the extremes, by only about per 
cent. Hence, for all practical purposes, it may be assumed that the 
weight of a body is a measure of its mass. In this book, therefore, no 
distinction will, in general, be drawn between the mass of a body and its 
weight. The "pound” will be used to mean both "pound mass” and 
"pound weight.” 



4. Table Showing Relation of Metric-system to English -system Units Of Force Or Weight— The 


4 


PRACTICAL HEAT 


[Drv. 



Examples— 1 oz. = 28,36 gmmz. Also 1 ton = 907,200 ffroms, Again, 1 Ih. = 16 oz. = 0.000,5 ton = 0.453,6 
kilograms, etc. 
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5. ^^Presstire*’ Is Force Per Unit Area, as the word is used in 
a technical sense; note that its technical meaning is different 
from its general meaning. If two substances are in forceful 
contact, the surface of contact of each substance forces or holds 
back the contact surface of the other. The inte?isity of the 
force at any point on the contact surface is called the pressure. 
If two solids (Sec, 50) are pushed against each other with a 
force and if, Fig. 5, the areas of contact are perfectly smooth 
plane surfaces, the force between the two solids is assumed to 
be of equal intensity throughout the entire area of contact. 
That is, each unit area of the contact surface is assumed to 
take its share of the total force between the two bodies. The 
force sustained by each unit area is called the pressure of 
contact. Now when a fluid (a liquid or a gas) is confined 
within a container, it will take the shape of the container — a 
liquid will contact with the sides and bottom of the container; 
a gas will contact with all of the interior surfaces of the con- 
tainer. The fluid will then exert a force against the container 
at every contact point. The intensity of the force at any point 
is called the pressure at that point. 

Note. — The Term “Pressttre*' is Generally Used Only For 
Fluids because it is doubtful whether the intensity of force between 
solids is ever uniformly distributed over the contact area as was assumed 
above. There are certain kinds of solids, however, which, behave some- 
what as do liquids and for which the term pressure is also often used — 
sand, soil, crushed rock, and similar finely divided substances are examples 
of such solids. 

6. Fluid Pressure At Any Point Is Equal In All Directions. — 

It is proved in text-books on physics that the same force 
is exerted upward, downward, or sideways upon a small area 
which is so moved about within a fluid medium that its center 
is always at the same j^oint. This may be explained by the 
perfect freedom of movement of the particles (molecules, 
Sec. 50) of a fluid among one another. One particle of the 
fluid exerts the same force on the particles above, to the 
right, to the left, and (except for its own weight which is so 
very small) below it. Hence, the fluid pressure at any point 
is equal in all directions. At different points, however, the 
fluid pressures may be widely different. At any point the fluid 
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pressure depends on the height and nature of all fluids which 
are so situated above that point that they may produce 
pressure at that point. How fluid pressures are produced 
is explained below. 

Explanation". — ^I magine a buge square shaft or stack, AB Fig. 4, 
to extend from the bottom of a deep sea to the height of 60 miles above 

sea-level. Above this height we may assume 
that there is no air or atmosphere. Hence, 
above the plane A there is nothing that could 
press down on the plane A, Between plane A 
and plane C, however, exist a few particles, let 
us say, of the lighter gases which compose our 
atmosphere. These particles are attracted to 
the earth by gravity. Hence, they push 
downward on the plane C. Therefore, each 
square inch or other unit area which goes to 
make up plane C, is subject to a force or 
pressure- Between planes C and Z> are more 
particles than between A and C — ^because of 
the compressibility of gases. Hence, there is a 
greater downward push on plane D than on 
plane C, Therefore, each square inch, say, of 
plane D sustains a greater force than does each 
square inch of plane. C — that is, the pressure 
at 2> is greater than that at C, The pressures 
on like planes below D would thus be greater 
as they are taken nearer to the sea-level. Thus 
the force acting downward on plane E is due 
to the weight of the gases in AE, Likewise at 
S (sea-level), the force pressing downward on 
the surface of the water would be that due to 
the total column of atmosphere AS. Each 
unit area of S would have to sustain its share 
of the weight of the gases in AaS. The varia- 
tions of atmospheric pressure are given in Sec. 9. 

If, now, we consider a plane F at some distance below sea level, we find 
that there is acting down on this plane the weight of the water in SF 
besides the weight of the air in The maxiinuin pressure in tlie 

column would occur at the bottom plane B which is subject to the weight 
of all water in SB together with the weight of all of the air in AS. 

To summarize, it may be said that the deeper or higher the fluid column 
above a point and the greater the density of the fluid, the greater will he the 
pressure at that point. 

7. The Units In Which Pressures May Be Expressed are 
many. Since pressure is force per unit area and since forces 



Fia. 4. — Illustrating why 
fliiids exert pressure. 
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may be measured in pounds, tons, and the like and areas may 
be measured in square inches, square feet, and the like, we 
have such pressure units as 'pounds per square inch, pounds 
per square foot, tons per square foot, and others. Furthermore, 
since any given pressure may be considered as the equivalent 
of that due to a liquid column of a certain height, it follows 
that pressures may be expressed in terms of liquid-column 
height. Hence, we hav^ such pressure units as inches of 
mercuT'y column, feet of water column, and others. The rela- 
tions of the various pressure units are given in Table 19 and 
Sec. 18. 

8. The Numerical Expression Of A Pressture is, as explain- 
ed above, obtained by dividing the total force which produces 
the pressure by the number of area units in the surface over which 
the total force is uniformly distributed. This form of expres- 
sion ordinarily assumes that the force is distributed uniformly 
over a contact surface. Hence the formula : 

W 

(1) ~ 37 (pressure) 


Wherein: P == the pressure, expressed numerically in the 
given unit of weight per assumed unit of area. W = the total 
load or force, expressed in any assumed unit of weight, which 
is applied to produce the total load or force. A = the total 


Force Due to . 

Wetuhf cf- p— ■ — 

Bfocfi’SeLb. ; / 


.'Table 


^ -‘Umf Pressure 
'' Befyfeert Block 
djiof Toible^Blb. 
perScj.In. 
■i-Troinsnoirenf Block 


Fia. 5. — Illustrating “force 





surface, expressed in any desired unit of area, whereon the 
total force is uniformly distributed. 

Note. — If, in For. (1), W = pounds and A = square inches, then P = 
pounds per square inch. Also, if W = tons and A == square feet, then 
P = tons per square foot. And so with other combinations of the units 
of weight and area. 

Note. — If the total non-uniformly distributed force which is imposed 
on a surface, is divided by the area of the surface then, the result will be 
the average pressure. 
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EIxample. — A certain 36-lb. block (Fig. 5) imposes a load or force of 
36 lb. on the area upon wbich it rests. This area is 2 X 2 = 4 sq. in. 

Hence, by For. (1), the average pressure exerted 
by the block = P == VI/A = 36 4 ~ 9 Zb. per 

sq, in. 

Example. — quantity of sand (Fig. 6) is 
poured into a box which, is 3-ft. square inside. 
Thus the box has a bottom area of 3 X 3 = 9 sg. 
ft. The sand weighs 8 tons. Hence, the total 
load or force which it imposes on the bottom of 
the box is 8 tons. Then by For. (1), the pressure 
which the sand imposes = P = VI /A ~ 8 9 = 

0.889 ton per sq, ft. 

9. Atmospheric Pressure (Sec. 6) is the 

• P*-j******»i f^r^ssur^ ^ ^ ^ 

''Mt^nsSncf sfSSS pressure which is exerted by the earth’s 
atmosphere. This atmosphere extends for 
6.-iUustrating ^ though Unmeasured, distance (Fig 

“force*’ and ‘‘pressure” 7) above and enshrouding the earth^s sur- 
in terms of tons and The depth of the earth's atmosphero 

has been estimated by different experi- 
menters; the estimates range from 30 to 212 miles. This atmos- 
pheric pressure varies^ according to the altitude, above sea-level, 




Fic. 7. — Showing how atmospheric pressure decreases as the height above the earth 


increases. 


of the place at which the pressure is measured. At sea-level 
the atmospheric pressure at a temperature of 32° F. is, so tests 
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show, about 14.7 lb. per sq . m. That is, a column of air, which 


has a cross-sectional area of 1 sq. in. 
level to the upper limit of the earth’s 
or more exactly 14.696 Ih. Thus 
we are (at sea-level) existing 
with a pressure of 14.7 lb. per 
sq. in. which is imposed by the 
fluid in which we live on all por- 
tions of our bodies. The same 
pressure is imposed on all things 
which are about us. But we 
are, ordinarily, unaware of 
the existence of this imposed 
pressure in the same way that 
a fish is, probably, unaware of 
the existence of the water in 
which it lives. 

Note. — The Decrease Op Atmos- 
pheric Pressure With Increase 
In Altitude (Fig. 8) is due to the fact 
that the depth of the atmosphere 
above an observer grows less as his 
altitude grows greater. The atmos- 
pheric depth above a man in an air- 
plane 2 miles above sea-level is 2 miles 
less than the atmospheric depth above 
a man standing on the ground at sea- 
level. The man at sea-level is under 


and which extends from sea- 
atmosphere, weighs 14.7 lb., 

tnch'es wercary ’Column 




Atmospheirjc Pressure-Ib.per Sq.In. 


Fia. 8. — Variation of atmospheric 
pressure with altitude. (Due to the 
compressibility of air, the pressure does 
not decrease directly with the height 
above the sea-level. Hence the graph 
is not a straight line.) 


the pressure — 14.7 lb. per sq. in. — due 

to the full depth of the atmosphere. The man in the airplane is 
relieved of the pressure due to the 2-mile depth of atmosphere beneath 
him and therefore (Fig. 8) the atmospheric pressure imposed on him is 


only about 9.6 lb. per sq. in. 


10. Atmospheric Pressure Can Be Measured With A 
Barometer (Figs. 9 and 10). The barometer is an instrument 
which operates upon the principle (Fig. 11) of equilibrium 
between the weight of a column of mercury and the weight 
of a column of atmospheric air (Fig. 4) of the same cross-sec- 
tional area. Pressure which is read on a barometer is called 
barometric pressure or barometer reading. 
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ExpiiANATioisr. — A glass or porcelain 
dish (Fig. 12) contains a quantity of 
mercury, M. A 3-ft. (or longer) glass 
tube, closed at one end and having an 
inside diameter of any size, is filled with 
mercury. The thumb (Fig. 12-/) is held 
over the open end of the tube. The 
tube is then inverted. The open end of 
the tube, still covered by the thumb, is 
now thrust beneath the surface of the 
mercury in the dish. The thumb is then 
removed. With the tube held vertically, 
the column of mercury therein will now 
fall away from the closed end. The 



Fig. 9. 



Mar cur y Levh 


^ CiJj Trerrncmlcr Aoijusfmi'nilhumbt'lu!-' l^rnicr f.zfdl 

tf'iQ. lO.—Laboratory barometer (for every observation, the ievel of the mercury in cup C must be adjusted accurately to the tip of an ivory 

point, within C, which is not shown). 
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Closed End'.. 



I-Fllling Tube E* Inver t e cJ 


Fig. 11. — ^Equilibrium be- Fig. 12. — How a barometer may b© 

tween column of atmospheric made, 

air and column of mercury of 
equal cross-section. 



Fig. 13- — Height of mercury 
column decreases when air 
pressure is lowered . 



Fig. 14. — Mercury-column 
height remains the same for 
vertical or inclined tube. 
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space, S, above the falling column will be a practically perfect vacuum 
because there is no gas above the mercury. Hence the pressure on top 
of the mercury column will be practically zero. 

But the pressure beneath the mercury column, at its base on the line 
AB (Fig. 11) will be the pressure of the atmosphere. If the experiment is 
made at sear-level, when the temperature of the air is 32° F., this pressure 
will (Fig. 11) be 14.696 lb. per sq. in. Therefore, the mercury-column 
will fall until, due to its height (weight), it will also exert a pressure of 
14.696 lb. per sq. in. This condition of equilibrium will be attained 
when the mercury column falls to a height of 29.92 in. The nominal 
height of the barometer mercury-column at sea-level is usually taken 
as 30 in. 

If the experiment is made at a point two miles above sea-level, the 
atmospheric pressure (Fig. 8), due to the 2-naile diminution in the depth 
of the atmosphere, will be about 9.6 lb. per sq. in. Equilibrium will 
then be established when the mercury-column falls to a height of 19.55 in. 

If the mercury vessel of a barometer, constructed as above specified, 
be arranged in an airtight closed chamber with the mercury tube extend- 
ing out of the top (Fig. 13) and the air be partially exhausted from the 
chamber, the mercury column will fall just as it would if the barometer 
were carried to a higher elevation. With a perfect vacuum in the cham- 
ber, the top of the mercury in the tube will be at the same level as that 
in the dish. When the dish is exposed to atmospheric pressure, however, 
the vertical height of the mercury column remains the same (Fig. 14) 
whether the tube is inclined or vertical. 

11. The Aneroid Barometer (Fig. 15), since it is much more 
portable and less liable to derangement, is often used for 

measuring atmospheric pressures, 
instead of the mercurial barometer. 
This instrument may be so accurately 
constructed as to indicate a difference 
of elevation of 2 or 3 ft. 

Expuanation. — The corrugated top (Fig. 
15) of the airtight cylindrical box, A, in which 
there is a partial vacuum, deflects slightly 
under changes in atmospheric pressure. 
This motion is transmitted, by a delicate 
lever system, F, to the pointer, P. The 
. , scale is graduated to read in equivalent 

''■Operoffingf Poof - r i -r ■. 

omof Chain incnes 01 mercury column. In general, a 

Fia. 15. — ^Aneroid barometer. barometer indicates stormy weather, and 

a high haromet&r fair weather- Hence, 
barometer readings may be of assistance in predicting weather 
conditions. 
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12. Pressure Gages Are Instruments For IMeasuring 
Presstares (Figs. 16 and 22). Perhaps the simplest form of 
pressure gage is that shown in Fig. 16. 

This gage indicates the true (absolute, 

Sec. 15) pressure within the connected 
vessel. As is explained below, practi- 
cally all commercial pressure gages in- 
dicate the pressure di:fference between 
the actual pressure which is being 
measured and the atmospheric pressure. 

ExpiiAKATioJsr.. — “The gage illustrated in Fig. 

16 is constructed in exactly the same manner as 
is a mercurial barometer (Sec. 10). Hence, it 
measures the pressure in a connected vessel ex- 
actly as does a barometer measure atmospheric 
pressure. If the pipe, P, is left open to the 
atmosphere the gage will measure the atmos- 
pheric pressure. If P is connected to a vessel 
wherein the pressure is less than that of the 
atmosphere, the mercury will stand at a lesser 
height in tube T than it would when P is open 
to the atmosphere. Likewise, if P is connected 
to a vessel wherein the pressure is greater than 
atmospheric, the mercury will rise higher in T. 

Hence, the height of the mercury column in T is 
a measure of the pressure in P. 

Unfortunately, the customary power-plant 
pressures could only be measured with such a 
gage as is shown in Fig. 16 by employing tubes, 

T, of lengths ranging from 20 to 60 ft. Hence, 
such gages are not commonly employed- Fur- 
thermore, for many purposes, the true pressure 
within a vessel is not as useful as is the pressure 

difference between the pressure in the vessel and that of the atmosphere. 
Therefore, gages, Fig, 18, which indicate how much above or below 
atmospheric pressure a given pressure is, are universally used. Note. 
— For a further treatment of pressure gages see Div. 19 on Instruments. 


I.s- 

l-s 


pro 


m 






■m 


pio 


No other €aS 
Or Air In TuM 


3oara 

tJarkect 

With 

Inch 

Djy/s/onjs^ 


This Pipe Is 
Connected Wifh 
Vessel In Which 
Pressure Is To 
Be treasured 

•Nercury \ 

Airf/ghf \ 
Connecf/on\ 


\/iercunf\ 

Level. 


Fia. 16--^A simple form 
of pressure gage. (As 
stated in the text, pressure 
gages similar to this one 
are not commonly used, 
because more practical 
gages can be made. See 
Div. 19 on instruments.) 


13. The Mercurial Manometer May Be Used For Indicating 
Pressures Above Atmospheric Pressure (Fig. 17). In the 
early days of steam-power, gages for indicating boiler pressure 
were made in this form. With such gages the difference, in 
inches, in height between the mercury levels in the legs of the 
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U-tube indicates, in inches of mercury column, the pressure 
above atmospheric pressure, in the vessel to which the instru- 
ment is connected. The operating principle of the mercurial 



Fig. 17. — Mercury gage for measur- 
ing pressures above or below atmos- 
pheric. (The scale, shows that 
in TTiercury column readings are almost 
exactly 2 X Ih. per sq. in. readings; 
actually lib. per sq, in. = 2.036 in. 
mercury column. 



Fig». 18. — Mercurial power-plant 
vacuum gage. (Although this is called 
a vacuum gage, it can also be used for 
measuring small pressures greater than 
atmospheric. When the pressure in 
the chamber to which’ O connects is 
less than atmospheric, the mercury 
ascends in Tit and descends in Ti and 
vice versa.) 


manometer renders the instrument inconvenient, however, for 
indicating gage pressures higher than about 10 lb. per sq. in,; 
for higher pressures the tubes would have to be too long. 
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Note. — MER cuRiAii Manometers Are CoMMONiiX Usee In Power 
Plants For Indicating Degrees Op VACtroM (Sec. 16) which are pro- 
duced in closed vessels. Instruments (Fig. 18) used for this purpose are 
frequently called vacuum gages. With such instruments the difference 
in the heights of the mercury columns, in legs Ti. and Ta, is an indication 
of the amount by which the external atmospheric pressure exceeds the 
absolute pressure within the vessel to which the instrument is attached. 

Note. — Manometers For Measuring Very Small. Pressure Dif- 
ferences Contain Water Instead Op Mercury. — Since mercury is 



Pia. 19. — A column of 
mercury supports a column 
of water 13.6 times as high. 


Fig. 20. — Combination pres- 
sure-and-vacuum gage. 


(Fig. 19) 13.6 times as heavy as water, a column of water having an 
approximate height of 13.6 X 30 = 408 in, is required (Sec. 10) to bal- 
ance the pressure of the atmosphere. Hence, very slight pressure dif- 
ferences, which might not visibly affect the height of a mercury column, 
would produce quite observable variations in the height of a water column. 

14. Compound Pres sure -and -vacuum Gages (Fig. 20) are 
employed in steam power plants. They operate on the same 
general principle as the Bourdon-tube steam gages which are 
discussed in Sec. 677. In the illustration the scale to the 
right; P, gives pressure readings. That to the left, V, gives 
vacuum readings. 

15. The ‘‘Absolute’’ Pressure existing at any point in a 
fluid medium is understood to mean the true total pressure 



16 


PBACTICAL HEAT 


[Div. 1 


at that point — -the term absolute'^ being used to distinguish 
from ^'gage^’ pressure, which is defined in the following 
section. The absolute pressure may be (although it seldom 
is) measured with a gage like that of Fig. 16. The more 
customary method of determining absolute pressure is by 
measuring both the atmospheric pressure 
(with a barometer, Sec. 10) and the '^gage’’ 
pressure. Since /^gage pressure'^ indicates 
only the pressure above atmospheric pres- 
sure and since absolute pressure is true 
total pressure, it is evident that: 

(2) Absolute pressure = {Atmospheric pres- 
sure) + {gage pressure) 

A negative gage pressure, when added, 
results in an absolute pressure which is 
less than the atmospheric pressure, as is 
explained in the following examples; see 
also Fig. 21* 

Exampx.e. — If a boiler contains steam at 100 
lb. per sq. in. gage pressure, as shown by the pres- 
sure gage on the boiler, and if the atmospheric 
pressure at that location and time is 14.5 lb. per 
sq. in., then the ahsolute pressure within the boiler 
“ 100 14.5 — 114-5 Ih. per sq, in, absolute 

{ahs.). 

Example. — If the vacuum gage attached to a 
condenser reads 26 in. of mercury column and the barometer (nearby) 
reads 29.5 in. of mercury column, the absolute pressure within the condenser 
= 29.5 — 26 = 3.5 in, of mercury column absolute. 

16. The “Gage’’ Pressure existing at any point in a fluid 
medium is understood to mean the difference between the 
true (absolute, Sec. 15) pressure at that point and the pressure 
of the surrounding atmosphere. That is : 

(3) Gage pressure = {Absolute pressure) — {Atmospheric 

pressure) 

It is the pressure which is indicated by all commercial 
pressure gages, such as are shown in Figs. 17, 18, and 22. 
When such a gage is (Fig. 22) subject only to atmospheric 



Fia. 21. — Relation 
between gage and abso- 
lute pressures. 



Skc, 17 ] FORCJS PRESSURE, WORK, ENERGY, POWER 


17 


pressure it shows no pressure or, as is sometimes said, ^^it 
reads zeroJ^ Hence, *‘zero gage pressure” means ^^atmospheric 
pressure” — 14.7 lb. per sq. in, at sea level. Whenever such a 
gage is connected to a vessel wherein the pressure exceeds 
atmospheric pressure (Fig. 23) the gage indicates a positive 
gage pressure, which is generally called simply a ^^gage pres- 
sure.'^ If the gage is connected to a vessel wherein the pres- 
sure is less than atmospheric, it tends to indicate and will if 
designed therefor indicate a negative gage pressure, or simply a 



Fig. 22. — Zero gage pressure 
coincides with normal atmos- 
pheric pressure. 


Pointer 
Registers ^ 

S /.- ■ p^r 5oc A?. 
Cy;>e s.v.'vr 



Fig. 23. — Gage registers pressure 
above atmospheric pressure. 


.'Weicfhfecf Piston 
\ Heaof 


vacuum — ‘‘vacuum" being understood to mean ‘^partial 
vacuum." ^Gages which are used for measuring negative 
gage pressures are commonly called vacuum gages. When 
compound pressure-and-vacuum gages (Sec. 14) indicate a 
vacuum, their pointers shift to the other side of the zero 
mark on the gage scale from the side of the mark on which 
pressures greater than atmospheric are indicated. 

17. Approximate Absolute Pressures In Pounds Per Square 
Inch May Be Computed From Ordinary Gage -pressure 
Readings by the following formula. To obtain the exact 
absolute pressure, the exact atmospheric-pressure value, at 
the location under consideration, in pounds per square inch 
must be substituted for the '^14.7" value which is shown in 
the formula. 

(4) Pa = Fg + 14.7 (pounds per square inch) 

Wherein: Pa == absolute pressure, in pounds per square inch, 
2 
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P<j = gage pressure, in pounds per square inch. 14.7 == 
average atmospheric pressure, at sea-level, in pounds per 
square inch. 

Examplsj. — A steam gage connected to a boiler reads 150 lb. per sq. in. 
What is the approximate absolute pressure within the boiler? SoL.iJTio3sr. 
Substitute in For. (4): Pa — Pg + 14.7 = 1504-14.7 = 164.7 per 

in. —absolute pressure within the boiler. However, the stresses in the 
boiler shell are only those due to a pressure of 150 lb. per sq. in. This 
is because the surrounding atmosphere presses from the outside against 
the shell in all directions with a pressure of 14.7 lb. per sq. in. 


18. To Reduce Water- And Mercury-column Pressures To 
Pounds Per Square Inch and Vice Versa, the following 
equations may be used : 


(5) = 29:^ X = 0.491,2P^ 

(pounds per square inch) 

(6) Pm = = 2.036P (inches of mercury column) 


(7) Pm = ' 0.073, 55Pj 

(8) Pi = = 13.596Pjif 

(9) Pj= = 27.684P 

(10) Pf - ■■ 2.307P 

(11) P = 0.036, 13P7 

(12) P = : 0.433, 5Pi. 


(inches of mercury column) 
(inches of water column) 
(inches of water column) 
(feet of water column) 
(pounds per square inch) 
(pounds per square inch) 


Wherein: P = the pressure, in pounds per square inch. 
Pm = the height of the mercury column, at atmospheric 
temperature, in inches. Pj == the height of water column, at 
atmospheric temperature, in inches. Pf = the height of water 
column, at atmospheric temperature, in feet. 

Note. — The Customary UmTs For MEASxjRma Pressures Abe: 
(1) Atmospheric pressure and partial vacuums are generally measured in 
inches of mercury column. (2) Gas pressures, when small, are measured 
in inches of water column. (3) Hydraulic pressures are frequently mea- 
sured in feet of water column. (4) Pounds per square inch is the general 
engineering unit and is used in nearly all work except that specified 
above and frequently also for some of the purposes given in (1) to (3). 
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19, Table Showing Relation Among Units Of Pressure. — 

The liquid columns are assumed to be measured at normal 
atmospheric temperature. 


Name of unit 


Pound per square inch . . 
Pound per square foot - . 
Inch of mercury column 
Inch of water column . . . 
Foot of water column . . . 


Pounds Pounds Inches of Inches ofj Feet of 
per per mercury water water 

square square column column column 

inch, JP foot JPm Pi Pf 


144 2.037 127.684 2.307 

0.006,94 1 0.014,1 0.192,2 0.016 

0.491,2 70.733 1 13.596 , 1.136 

0.036, 13j 6.203 0.073,55 1 0.083,3 

0.433,5 62.424 |0.881,9 12 1 


Examples . — A pressure of 1 lb. per sq. in.=a pressure of 144 lb. per 
sq. ft. A pressure of 1 in. mercury column = 0.4:1^, 2 lb. per sq. in. 

20. “Work’’ Is The Overcoming Of Opposition Through 
Space. — (Note that ^'work/' as the word is used in engineer- 
ing has a meaning different from its meaning in ordinary con- 
versation.) Work is done when force is overcome through 
distance. Whenever anything is moved, then work is done. 
When there is no movement^ there is no work. To compute 
the work done in overcoming force through distance, two 
factors must be known: (1) The applied force. (2) The dis- 
tance. The distance must be measured in the same direc- 
tion as that of the force. 

21. Numercial Expressions Of Work may be obtained by 
multiplying the applied force by the distance through which 
the force moves. The force may, in practice, be expressed 
in any unit of force. The distance may be expressed in 
any unit of length. The unit of work is then formed by multi- 
plying together the given units of force and distance. Hence, 
the formula: 

(13) W -= FL (work) 

Wherein: W = the work, expressed in the assumed unit- 
terms of the force and distance. F = the force, expressed in 
any assumed unit of force. L = the distance, expressed in 
any assumed unit of length. 

Note. — If, in For. (13), F = pounds and Z/ = inches, then W = inch- 
pounds If y = pounds and L = feet, then W = foot-pounds. If F = 
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tons and L = miles, then W = mile-tons* If ~ grams and L — centi- 
meters, then W — gram-centimeters. And so with other combinations 
of the units of force and length. 

22. The Unit Of Work Which Is Used Most Frequently 

in the United States is the foot-'pound. A foot-pound is the 



Fia. 24. — One foot-pound of work 
done against gravity. 

ExAMPXiB . — A 1-lb. weight (Fig. 
1 ft. Here the opposing force (S< 


work done when a 1-lb. force is 
overcome through a distance of 1 ft. 

Note. — The Metric Units Op Work 
Most FREQUENTiiY Used are, (Table 4) 
the gram-centimeter and hilogram^meter . 
These units are largely employed in South 
America and in Continental Europe. 
They are now little used in America. 


, 'Slid Friction on Surface from 
• A fos* Kb. Resisting Force 



Fiq. 25. — One foot-pound of work done 
against friction. 


24) is lifted vertically to a height of 
ic. 2) is a gravity-pull of 1 lb. The 



Gats burner.—^ 

Fro. 26. — Steam in kettle raising lid 
and thereby doing work. 



Fio. 27. — Doing work in lifting a 
shovel of coal. 


distance through which the opposition is overcome is 1 ft. Hence, by 
For, (13) the work done = TF = FL ==1X1=1 fL-lh, = 1 unit of 
worlc* 
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Exampi^e. — A block of iron (Fig. 25) is pnsbed througli a borizontal 
distance of 1 ft., along a wood surface. The friction between the iron 
and the wood develops an opposing force of 1 lb. Hence, by For. (13), 
the work done ^ W ^ FL =1X1 — 1 ft -lb. = 1 unit of work. 

Example. — The lid of a kettle (Fig. 26) fits tightly. A total force of 
4: lb. is required to lift it. The steam, which is generated in the kettle, 
pushes the lid upward 0.5 in. What quantity of work is done? Solu- 
tion. — By For. (13), W = FL = 4 X 0.5 2 in.-lh. 

Example. — A man (Fig. 27) lifts a 
25-lb. shovel of coal 2 ft, from the floor. 

Hence, by For. (13), the work which he 
does = W = FB = 25 X 2 = 50 /t-Z5. 

Example. — A compressed-air hoisting 
cylinder (Fig. 28) lifts a 125 lb. weight Cynnder-^ 

16 in. Hence, by For. (13), the work 
done «= TF ^ FZ, = 125 X 16 = 2,000 
in.-lb. = 2,000 ^ 12 = 166.5/1-75. 

23. “Energy^’ Is Capacity For 

Doing Work; this is the technical 
meaning of the word. Energy is 
ability to do work. It is stored ^'I’as ibs. 

work. Any body or medium which 
is of itself, due to its position or 
state, capable of doing work, is 
said to possess energy. W ork must, 
then, have been previously done 
on the body to change its state or 
to give it the position whereby it work being done by 

, , . , « , . an air hoist. 

possesses the capacity lor doing 

work. It is impossible to create energy, nor can energy be 
destroyed. Hence, the amount of energy in the universe is 
always constant. 

Note. — Energy Is An Attribute Oe All Matter. — I t is inherent in 
matter. (Matter is anything which has weight or which occupies space.) 
This follows (Sec. 3) from the fact that position in space is a property of 
all matter. Therefore, since matter is (Sec. 39) universal, energy must 
likewise be universal. Just as there is a definite amount of matter in 
the universe, so is there a definite amount of energy in the universe. 
And just as the matter may exist in various aspects, so likewise may the 
energy exist in various aspects. 

24. ‘‘Energy*’ May Be Expressed In The Same Units As 
Are Used To Express Quantities Of Work (Sec. 22).- — This 
follows from the fact that energy is merely stored work, or 
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(Sec. 23) capacity for doing work. Thus the foot-pound is the 
commonly-used unit of energy as well as it is of work. 

Example. — Energy or work is stored in. the ball of Fig. 29. Work was 
expended in lifting the ball 15 ft. Since the ball weighs lb., the work 

done in lifting it from the table top to the 
position shown is, by For. (13) *. W == FL = 
1.5 X 15 — 22.5 The ball then, with 

i hcfs respect to its original position on the table, 

I Energy mm /Respect possesses 22.5 ft. -lb. of energy. Now, if 
j ro Table elevated ball were attached to some 

? machine, such as a clock, and permitted to 

? descend to the table top, 22.5 ft. -lb. of 

‘ work (neglecting friction) would be given 

, up by and could be realized from it. 

25- There Are Two Fundamental 
Forms Of Energy, ^‘Kinetic” And 

Fig. 29 . — Ball possesses en- . j.* i «« mi /• 

ergy due to its position. (Draw- Fotentiul- These fomis are, some- 
ing not to scale.) times Called respectively energy of 

motion and fixed energy. Kinetic 
energy may be transformed into potential energy and vice 
versa. Bodies possess potential energy by virtue of their 
/ivafer positions or conditions. 


Fig. 29 . — Ball possesses en- 
ergy due to its position. (Draw- 
ing not to scale.) 



Bodies possess kinetic energy 
by virtue of their motion. 

Examples. — Since the now sta- 
tionary ball, Wj shown in Fig. 29 
may do work, if permitted to de- 
scend, it possesses potential energy, 
due to its position. The main 
spring of a clock may possess 
potential energy, due to its con- 



Enerqy 


Fig. 30. — Energy of water from reservoir Fig. 31. — Powder in the rifle cartridge 
driving water wheel. possesses potential chemical energy. 

dition of being wound. Water in a reservoir (Fig. 30) has energy, 
due to its position. Powder (Fig. 31) has potential energy, due to its 
explosive properties. A bullet projected from a gun has kinetic energy. 
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due to its motion, and is, thereby, able to pierce (Fig. 32) an iron 
plate. In so doing, part of its kinetic energy is converted into the work 
of piercing the plate. A falling hammer (Fig. 33) has kinetic energy. 

Note. — Energy May Be Further Eivided Into mechanical, chem- 
ical, electric, radiant, and heat energy. Each of these forms will be dis- 


I 

Tack fo be 


Fio. 32, — ^Energy of rapidly moving bullet Fig. 33. — Kinetic energy of falling 
enables it to pierce iron plate. hammer drives tacks. 

cussed in following sections. As explained in the following section, any 
one kind of energy may, by employing suitable machines or processes, 
be transformed into any other kind of energy. 

26. Energy May Be Transformed From One EZind To 
Another. — Whenever there is motion there is energy trans- 
formation; all mechanical processes offer examples of it. Our 
everyday life is simply a succession of such eifergy transforma- 
tions. Sometimes a process may be traced through an entire 
long series of energy transformations. 

Examples. — A man eats a meal; a portion of the meal goes toward 
building up his muscular tissues thus storing chemical energy therein; he 
picks up a ball from the ground thus imparting potential energy to the ball; 
he throws the ball into the air thus imparting kinetic energy to the ball. 
The energy which was imparted to the ball was derived from his muscles. 
The kinetic energy of the ball, after he releases it, gradually becomes 
transformed into potential energy as the ball rises. Soon the ball ceases 
to rise. It begins to fall — ^it again acquires kinetic energy, this time at 
the expense of its potential energy. Having struck the ground, the ball 
has lost all of its potential energy (we may say, see also Sec. 85) but it 
now possesses much kinetic energy. It may deform the earth where it 
strikes and thus heat the ground and itself. Eventually, probably, all 
of the chemical energy which the man expended in lifting and throwing 
the ball will be transformed into heat energy. But this heat energy is 
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29. No Change In Chemical Composition — ^That Is, No 
Chemical Reaction — Can Occur Without The Liberation Or 
Absorption Of Energy. — The energy may be either heat, 
radiant, electrical, or mechanical energy, or some combination 
of them, depending on the reaction and the conditions under 
which it occurred. The preceding sums the results of many 
experiments. In this book it is, principally, the liberation 
and absorption of heat energy which are of interest, which 
is further treated in Sec. 156. 

30. Electrical Energy is, in the kinetic form, the energy 
possessed by a current of electricity. Or, in the potential 
form, it is the energy possessed by a charge of electricity, 
stored in a condenser. Since an electric current is a flow of 
electricity — electricity in motion — such a current has kinetic 
energy. The energy of an electrical charge stored in a con- 
denser is potential. This follows, since such a charge is, for 
the time being, fixed or stored. 

Note. — ^A n electric generator (Fig. 36) is a machine which, transforms 
raechanical energy into electrical energy. Mechanical energy may be 



Fia. 36. — Illustrating conversion of energy — electrical energy transmitted from 

generator to motor. 

imparted to the generator by an engine, turbine, or waterwheel. The 
generator, thus driven mechanically, forces an electric current (a stream 
of electrons, Sec. 42) to flow in the circuit. Thereby electrical energy is 
developed. Electrical energy may be reconverted into mechanical 
energy (Fig. 36) by electric motors. Electromagnets and electric heaters 
convert electrical energy into magnetic energy and heat energy, 
respectively. 

31. Radiant Energy is the name which is given to that form 
of energy propagation from, a hot body, by waves in the 
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aether, which produces the sensations of “light” and “heat” 
when the waves strike objects. Hence, radiant energy is 
classified as a form of kinetic energy. The action of light 
causes certain chemical changes. Tor example, light acting 
on a photographic plate (Fig. 37) induces chemical changes 



Fig. 37. — ^Light energy affects photographic plate. 


which render photographs possible. Light acting upon plants 
causes them to grow and assume characteristic colors. See 
Div. 5 Transfer Of Heat^^ for further discussion of radiant 
energy. 

Note. — The Eabth’s Prustcipal Source Of Radiant Energy Is 
The Sun (Sec. 65). 

32. Heat Energy Or Heat (Fig. 38) is, as explained in 
Oiv. 2., believed to be a condition of motion. The molecules 
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Fia. 38. — Heat energy from fuel converted 
into mechanical energy by engine. 


Fig. 39. — Heat energy raises the 
temperature of a body. 


of all substances are (except theoretically at absolute zero. 
Sec. 61), vibrating constantly and separated from one another. 
This vibration and separation produce the phenomena of heat. 






28 


PRACTICAL HEAT 


[Biv. 1 


molecules is kinetic heat 


The speed of vibration of the molecules of a substance deter- 
mines its temperature (Sec. 55). Hence, the vibration of the 

energy. The separation of the 
molecules is a state of potential 
heat energy. These ideas are 
explained at greater length in 
Div. 4. See examples of heat- 
energy transformations in Table 
33 . 

Note. — Various Phenomena Re- 
sult From Applications Of Heat 
Energt. — The temperatures (Fig. 39) 
of substances are raised thereby. By 
the addition of heat, sdbstances are 
changed from a solid to a liquid con- 
dition, or (Fig. 40) from a liquid to a 
gaseous or vaporous condition. When 
heated, bodies are caused (Sec. 159) 
to expand or increase in volume. 
These phenomena are discussed in 
detail hereinafter. 



Fio. 40. — Heat energy obanges a 
liquid to a vapor and thereby does 
meohanioal work. 


33. Table Of Examples Of Energy Transformations. — The 

examples here given are not to be understood as being the only 
instances of the transformations which they illustrate. (From 
The Thermodynamics of Heat-engines by Reeve.) 


Transformation 

Example 

From 

1 

To 


Heat 

The heating of a body subjected to friction or impact. 

Mechanical 

Electrical j 

The electric generator or the glass-plate electric 
machine- 


Chemical | 

The setting-off of a detonating compound, such as 
fulminate of mercury or nitroglycerine. 


Heat 

The heating of any conductor by the passage of an 
electric current; the electric heater. 

Electrical 

Chemical 

The electrolysis of a chemical compound by the 

1 passage of a current, as in electroplating or in 
j the charging of a storage battery. 
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Transformation 

Example 

From 

1 To 


Mechanical 

The electric motor; the solenoid. 


Chemical 

Heat 

1 The combustion of fuels; animal heat. 

Electrical 

The evolution of an electric current from a battery. 

Mechanical 

Animal activity; the evolution of a gas from the 
combination of two solids or liquids as in the chem- 
ical fire engine. 

Heat 

Electrical 

The thermopile or thermocouple (pyrometer). 

Chemical 

The lime-kiln; the growth of vegetation. 


Mechanical 

; The expansion of a heated body; the steam engine. 

i 


Note. — THEiiMODYisrAMics is that branch of physical science which 
treats of the relation between heat and mechanical work. Hence, 
the portions of this book which consider the relation between these 
two forms of energy constitute, in reality, a treatment of elementary 
thermodynamics. 

34. The Distinction Between Energy And Work dwells in 
the simple concept that work is a manifestation of energy. 
Work and energy — since they are both measured in the same 
unit, the foot-pound for example — -are sometimes confused 
one with the other. Energy (Sec. 23) is a common property 
of all matter (note subjoined to Sec. 23). In fact, there is a 
recent theory, which is gaining recognition, that all matter is 
simply motion. If the theory is accepted, then all matter 
would be energy. Work (Sec. 20) is the medium through 
which the energy which resides in any portion of matter reveals 
its presence. When a quantity of energy is dormant, that is, 
when it is potential energy (Sec. 25), then work, so far as that 
particular quantity of energy is concerned, is in abeyance. 
The dormant energy may then be said (Sec. 23) to impart 
capacity for doing work to the body of matter within which 
it resides. When the same quantity of energy is active, that 
is, when it is permitted to overcome opposition through a dis- 
tance, that energy is revealed as work. The active energy 
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may then be said to have developed or vitalized its dormant 
capacity for doing work. 

35. ^ ‘Power,’’ in its technical sense, is the rate of doing 
wor'k. In work and energy only two factors, i.e., force and 
distance, are the elements. In power there is a third factor, 
i.e., time. Observation proves that a machine which does a 
certain amount of work in 1 min. must be larger — more power- 
ful — ^than another which does the same work in 2 min. A 
small machine may ultimately do the same amount of work 
as a larger one, but the small one requires more time to do it. 
The power of a machine is, then, determined by calculating 
the work which it does per unit of time. Hence the formula : 

TTT" 

(14:) (power) 

Wherein : P = the average power expenditure, during the time 
interval t, expressed as a number of work units of the given 
denomination, per the selected unit of time. W = the work 
done during the time interval t, expressed in any desired unit 



Fiq. 41. — Example of power required to pump water. 

of work, t — the time, expressed in any desired unit of time, 
in which the given quantity of work, W, is done. 

Note.' — I f, in For. (14), W = foot-pounds and t = minutes, then P 
= foot-pounds per minute. If W = inch-pounds and t = seconds, 
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then P = inch-pounds per second. If ‘FT = mile-tons and t = days, then 
P == mile-tons per day. And so with other combinations of the units 
of work and time. 

Example. — To get water into a tank (Fig. 41) the water must be 
lifted 35 ft. The pump-lever makes 20 strokes per min. The quantity 
of water pumped at each stroke is 12 lb. What is the rate of doing work, 
that is, what power is being expended while the water is being pumped? 
SoLTJTioK. — By For. (13), the work done at each stroke = PF = FL ~ 
12 X 35 — 420 ft.-lb. The time consumed in doing this quantity of 
work — 1 20 = 0.05 min. Hence, by For. (14), the power developed 

= p = ~ 420 0.05 — 8,400 /1-Z6. p&r min. 

36. Tlie “Horsepower’’ Is A Unit Of Power. — Any unit 
of power is an expression for a certain amount of work (Sec. 
20) done in one unit of time. The unit of power which is 
commonly used in engineering is the horsepower. By defini- 
tion, the horsepower expresses the doing of work at the rate of 

33,000 ft.-lb. per min. That is, when work is done at the rate 
of 33,000 ft. -lb. per min., the power being expended is then 1 
hp. Note that 1 hp. = 550 /Z.-Z6. per second = 33,000 
per minute = l,^SQ,Q00ft.-dh.perhour. 

Note. — The Horsepoweb Unit Was PormuXiAted Bt James Watt 
as a basis from which to compute the capacities of engines for mine 
service. From empirical data which he had obtained, Watt calculated 
that a heavy draft horse, of the breed which had previously been generally 
used for hoisting coal out of mines, could do work regularly at the rate 
assumed, viz., at the rate of 33,000 ft .-lb. per min. It was later deter- 
mined, however, that this assumed unit is much above the average daily 
working capacity of horses. 

Note. — The Unit op Power Which Is Generally Used In 
The Metric System is the kilogram-meter per second. One meter 
= 39-37 in. 

37- The Average Power, In Horsepower Units, Which Is 
Developed By Any Apparatus Or Agency For Doing Work may 
be computed by the following formula: 

FL 

(15) P = 33 ^^ (horsepower) 

Wherein: P = the average power, or rate of doing work, in 
horsepower, during the time interval, t, in which the work is 
done. F — the applied force, in pounds. L = the distance 
through which the force acts, in feet, t = the time, in minutes, 
during which the force is applied. 
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Note. — T he nominal rate at which a steam engine or other apparatus 
does work is conventionally spoken of as its horsepower rating. 

Exampm. — T he number of pushes and pulls, per minute, of an engine 
piston (Fig. 42) is 60. The average total force on the piston is 6,000 lb. 
The length of the stroke is 10 in. What horsepower is being developed 



Fig. 42. — Example of power development Fig. 43. — Power developed by an 

by a steam eng:ine cylinder. overshot water wheel. 

while the engine is in operation? Solution. — T he distance traversed 
hy the force, per minute = 60 X 10 -f- 12 « 50 fL Hence, by For. (15), 
P « FL/ZZ,m0t = (6,000 X 50) -4- (33,000 X 1) = 9.09 hp. 

Example. — T he effective weight of water flowing from the trough of 
an overshot wheel (Fig. 43) is 4,000 lb. per sec. The vertical distance, 

through which the water falls, is 8 ft. 
What horsepower is being developed? 
Solution. — The given time = 1 sec, 
^ Mo rnin. Hence, hy For. (15), P 
= FL/ZZ,0Q0t - (4,000 X 8) -4- 

(33,000 X Mo) -= 58.18 

Example. — A loaded elevator (Fig. 
44) weighs 800 lb. A motor lifts it 6 
ft.-fl in. in 30 sec. What horsepower 
is the motor developing? Solution. 
— The given distance = ^ ft. 6 in. 
= 6.5 ft. The given time = 30 sec. 
= ~ 0.5 wm. Hence, by For. 

(15), P = FL/33,000 = (800 X 6.5) 
Fia. 44. — What power is required r- (33,000 X 0.5) = 0.315 hp. 

to raise the ash-Hfting elevator? EXAMPLE. A motor is belted tO 

a machine. The belt travels 450 
ft. per min. The difference, in tension, between the two sides of the 
belt is 50 lb. "What horsepower is being transmitted? Solution. — 
By For. (15) = FT/33, OOOi = (50 X 450) (33,000 X 1) - 0.68 hp. 
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1. What is forest What effect does it have upon a moving: body? Give examples* 

2. What are the common units of force? Give examples. 

3. What is %>ressxLret What kind of substances are generally spoken of as exerting 
pressure? 

4. How does the fluid pressure at a point vary with the direction in which it is 
measured ? 

5. State two general classes of pressure units and give examples of each. 

6. 'Wh.2it is atmospheric pressure? How is it measured? Give a general description 
of the mercurial barometer. 

7. Why is a man standing on the ground under a heavier atmospheric pressure than 
a man flying in an airplane? 

8. What are pressure gages ? Explain two ways in which pressures may be measured. 

9. What is gage pressure? Absolute pressure? State how each is measured. 

10. Define work. What factors are needed in calculating the amount of work done? 
Explain with an example, 

11. What is the unit of work? State examples of its application. 

12. Give and explain the formula for computing work. 

13. What is energy? Can it be destroyed? 

14. What is the unit of energy? Give an example of its application. 

16. What is meant by kinetic energy? Give example. Potential energy? Give 
example. 

16. Give practical examples of mechanical energy and tell whether they are kinetic or 
potential. 

1 7. • What is meant by chemical energy? Give example. 

18. Give an example of kinetic energy in electrical form. Likewise potential energy. 

19. Why is light classified as a form of energy? 

20. Discuss heat with reference to energy. Is heat energy? 

21. What is power? How is the power of a machine determined? Give an example. 

22. What is the principal unit of power? Give an example of its application. 

23. Give and explain the formula used in power calculations. 

PROBLEMS OH DIVISION 1 

1. What force, in pounds, is required to lift, vertically, a cart of coal which has a 
total weight of 1 (short) ton? 

2. Is a wrench, which is lying on the floor and which weighs 5 lb., subjected to any 
force? What effect is due to the weight of the wrench? 

3. An engine with its concrete foundation weighs 20,000 lb. Its base area is 50 
SQ. ft. What pressure, in terms of the weight and area as here given, does the foundation 
impose on the supporting soil? 

4. A steam gage registers 128 lb. per sq. in. What is the absolute pressure? (As* 
sume standard atmospheric pressure.) 

6. What pressure, in pounds per square inch, is indicated by a barometer reading of 
28.5 in. of mercury column? 

6* What height of mercury column will balance a 30-ft. water column? 

7. If the man in Eig. 2 pulls 12 lb. with his left hand, what will he be pulling with his 
right? Why? 

8. If a car loaded with coal, weighs 100,000 lb. and the resistance to rolling totals 
5 per cent, of its weight, how much draw-bar pull will be required to keep the car moving 
slowly ? 

9. If a bucket of coal weighs 50 lb., how much work will be required to carry it up 
a set of steps to a point which is 15 ft. higher? 

10. A punch exerts an average push of 35,000 lb. in punching a hole in a piece of armor 
plate in. thick. How much energy is required to punch the plate? (Assume that 
the 35,000 lb. is exerted through the distance.) 

3 
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11. The tension, of one side of a belt is 65 lb., and on the other 140 lb. The belt is 
traveling 300 ft. per min. What is the horsepower transmitted? 

12. What is the horsepower of the head end of a steam cylinder, when the average 
pressure on the piston rod is 3,600 lb., the stroke 15 in., and the revolutions per minute of 
the flywheel, 90? 

13. A pump will deliver 1,500 gal. of water per minute to a water level, 350 ft. above 
the pump. If water weighs 8.3 lb. per gal., at what rate is the pump doing work, in 
foot-pounds per minute and in horsepower? 

14. A 6-hp. motor is used to pump water from a well 75 ft. deep. If the motor is 
running at full capacity, and all losses neglected, compute the number of gallons of water 
raised in three hours. (Water weighs 8.3 lb, per gal.) 
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MATTER, HEAT, TEMPERATURE 

38. A Knowledge Of Certain Fundamental Concepts 
Regarding The Material World Is Necessary To An Under- 
standing Of The Phenomena Of Heat. — If the various sub- 
stances or materials which we recognize about us, such as air, 
iron, wood, water did not exist, there could be no heat, for heat 
is a condition of materials. The heat sensations which we 
experience, as emanating from substances, are manifestations 
of this condition. 

39. “Matter” Is That Of Which Every Substance In The 
Material World Is Formed; this is the technical definition of 
matter. But all matter is not of one kind. Different kinds 



Fig. 45. — Different substances all made up of matter. 


of matter (Fig. 45) form different substances. Thus there axe 
thousands of different kinds of matter. 

Note. — A Substance Is Anything Which Has Weight And Vod^ 
UME. — Therefore, anything that has weight, and which occupies space, is 
matter. Consequently, anything that can be recognized by sight, touch, 
taste or smell is matter. But not all substances are evident to the four 
senses here enumerated. Many substances, as air and oxygen^ are quite 
unapparent to these senses. Yet such substances have weight and 
occupy space, and hence are matter. 

35 
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Note. — XJntversal Space Which Is Not Occupied By Mattek Is 
Occupied By ^EJthee (Sec. 46). Hence, the universe comprises only two 
fundamental components: (1) Matter. (2) Mther. 

40. Matter Is Composed Of Minute Particles Called Mole- 
cules. — These particles are so small that one of them, if it 
were possible to separate it from all others, would be invisible 
even under the most powerful microscope. It is not antici- 
pated that magnifying instruments strong enough to render 
molecules observable to the human eye will ever be perfected. 

Note. — ^The Molecules Op Dipperentt Substan-ces, as woodj glass, 
steely rubber, air, oil, are differently constituted. There are as many 
kinds of molecules as there are substances or kinds of matter. 

41. Molecules Are Composed Of Smaller Particles Called 
Atoms (Fig. 46). Atoms are, probably, as much smaller 

than some molecules as molecules 
are smaller than the smallest 
particle of matter which may 
be discerned through the strong- 
est microscope yet produced. 
Only a few more than about 80 
different kinds of atoms have 
thus far been isolated (from 
atoms of different kinds — a 
single atom has not been 
isolated) and identified. It is 
said that no more than 92 
different kinds are possible. All 
matter is, therefore, built up of molecules in which one or 
more of these 92 different kinds of atoms subsist in various 
combinations and arrangements. 

Note. — Substance The Molecules Op Which Are Composed 
Op But One Kind Of Atom Is Called An Element (Table 42). The 
molecules of most substances, as soap, rubber, steel, brick, flesh, albumen, 
are composed of more than one kind of atom. The molecules of a sub- 
stance may contain hundreds of atoms, even though many be of one kind. 
The molecular composition of every substance, as regards the kinds of 
atoms and the numerical combinations thereof, is invariable for that 
substance. Generally, when the molecular composition of a substance is 
changed the nature of the substance likewise is changed. 



Fia. 46. — An imaginary picture of 
the molecules of water each of which is 
composed of three atoms — one of oxy- 
gen and two of hydrogen. The 3 
atoms remain in a group- The mole- 
cules move about — often colliding. 
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42. Table Giving The Most Common Chemical Elements, 
With Symbols. 


Element 

Sym- 

bol 

Element 

Sym- 

bol 

Element 

Sym- 

bol 

AlnTYiimiTTn ..... 

A1 

ElnririTiA. 

F 

Nitrogen 

N 

Antimony 

Sb 

Gluoinum 

G1 

Oxygen 

o 

Argon 

A ' 1 

Gold 

Au 

Pkospborus. . . . 

P 

Arsenic 

As j 

Helium 

He 

Platinum 

Pt 

Barium 

Ba 

Hydrogen 

H 

Potassium 

1 K 

BiaTYiiifil:! 

Bi 

Iodine 

I 

Silicon 

Si 

Bromine 

Br 

Iron 

Fe 

Silver 

Ag 

Oalciiim 

Ca 

Lead 

Pb 

Sodium 

Na 

OartioTL 

C 

Litbium 

Li 

Sulphur i 

S 

CJblnrinfi 

Cl 

Ivlagnesium. . . . 

Mg 

Tin : 

Sn 

Chromium 

Cr 

Manganese. . . . 

Mn 

Tungsten 

W 

Cohfllf. 

Co 

Mercury ^ 

Hg 

Zinc 

Zn 

Copper 

Cu 

Nickel 1 

Ni 




Note. — Every Atom Is Believed To Be Composed of Smaller 
Particles Called Electrons Together With A Positive Nhclees. — 



Fiq. 47, — Comparison of sizes of 
smallest and largest atoms and 
moieoulee (Comstock & Trowland). 



Starch (Largest) Molecule 

Fig. 48. — Comparative sizes of 

largest molecule and smallest micro- 
scopically visible particle (Comstock 
& Trowland). 
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An electron is a natural particle of negative electricity. The electrons 
which compose an atom are presumed to rotate in regular orbits about a 
center or nucleus of positive electricity of the atom, in much the same way 
as the four moons rotate around the planet Saturn. Hence it appears 
that, in its ultimate composition, all matter is, probably, composed of 
electricity. In the discussion which follows, the atom will be regarded as 
the ultimate division of matter. The electron theory is explained in the 
author's Practical Electricity. 

Note. — ^Atoms (Fig. 47) have an average diameter of about one 
orw--thousand--millionth (Ji^.ooo.ooo.ooo) of an inch. A molecule of salt 
has a diameter of BA>o\xt ten-millionth (Mo.ooo.ooo) of an inch. The 
smallest particle of matter (Fig. 48) that can be viewed through a 
microscope has a diameter of OuhovA oxi^ hundred-thozcsandth (Moo.ooo) of 
an inch. It is estimated that a cubic inch of air contains between 16 
billion billion (16,000,000,000, 000,000, 000) and 16 thousand billion billion 
( 1 6, 000, 000 , 000, 000, 000, 000, 000) molecules . 

43* Neither The Molecules Which Form A Substance Nor 
The Atoms Which Form The Molecules Are In Contact With 
One Another. — Relatively large spaces intervene between 
neighboring atoms, and between neighboring molecules, even 
in the most compact of solid substances. 

Note. — Notwithstanding That Immense Distances, Considered 
In a Relative Sense, Separate The Atoms Which Form A Molecule, 
a mutual attraction, probably of an electric nature, still prevails among 
them. This mutual attraction will continue in force as long as the requis- 
ite number of atoms, to form the particular kind of molecule, are present, 
and no abnormal condition develops. The attraction may be strong or 
weak. If the latter, the molecules of a substance, if composed of different 
kinds of atoms, may be broken up by heat or by chemical or electrical 
means and then the different kinds of atoms may group by themselves 
to form molecules of the elemental substances (Table 42). Or, by 
similar methods, atoms may be added to the molecules of a substance, and 
another kind of substance be thereby produced. 

44. The Molecule Is The Structural Unit By Which Sub- 
stances Are Differentiated From One Another. — A molecule of 
water is composed (Fig. 46) of two atoms of hydrogen and one 
atom of oxygen. The composition of water molecules, from 
these elements alone and in these proportions, is absolute 
and invariable. Hence, molecules so constituted differentiate 
water from all other substances. Similarly, a molecule of 
common salt is composed of one atorn of sodium and one atom 
of chlorine. This, likewise, is an atomical arrangement, in 
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the composition of salt-molecules, which is precise and 
unalterable. Therefore, in this particular composition and 
arrangement lies the inherent difference between common salt 
and all other substances. 

Note. — The Number Of Atoms In’ A Molecule may be few or many. 
Thus, each common-salt molecule is composed of but 2 atoms, while each 
white-of-an-egg molecule is composed of about 1,000 atoms. 

46. Motion. Is An Attribute Of Molecules And, Probably, 
Also Of Their Component Atoms, — Upon this important 
concept is predicated much of our knowledge regarding heat 
phenomena. Whether or not the atoms within a molecule are 
in motion with respect to one another is not definitely known. 
The molecules are supposed to be in motion except at the 
theoretical absolute-zero temperature (Sec. 61), at which 
temperature they are supposed to become motionless. 

Note. — Molecules May Tollow Regular Paths Along Straight 
Or Curved Lines, or their movements may be very erratic and irregular. 
In the latter alternative, the movements of molecules may be compared to 
those of individuals rushing hither and thither in a panic-stricken throng, 
now colliding with one another and now recoiling from the impact. 

Note. — The Speed Op A Hydrogen Molecule at 32° F. is about 
mi- per sec. or nearly 6,000 ft. per sec. Mercury molecules move at 
about J-£o the speed of hydrogen molecules, or about 400 mi. per hr. 

46, ^ther Is The Name Given To That Which Fills All 
Universal Space Unoccupied By Matter. — It occupies the 
infinitesimal — though large as compared with the size of the 
molecules — spaces which intervene between the atoms 
and molecules of substances, as well as the incon- 
ceivably vast reaches of interstellar space. Nothing is 
definitely known regarding the precise nature of aether. It 
is believed to be devoid of weight. Being thus imponderable, 
— without sensible or appreciable weight — ^it cannot (Sec. 
23) be regarded as matter. 

Note. — The Spaces Between The Atoms And Molecules of 
compact substances, as glass and steely are not large enough to permit 
ingress of air molecules. But, on the basis of the common-sense assump- 
tion that an absolute void can nowhere exist, there must be something 
within these spaces. This something is what is called aether. 

Note. — According To Certain Later Theories It Is Claimed That 
There Is No ^ther. — It is said to have been proved by Einstein’s theory 
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of relativity that there is no aether. But whether or not there is an aether 
depends upon the definition which is accepted for “aether” — upon the 
properties which this hypothetical aether is assumed to possess- Various 
definitions and properties have been proposed for the aether. As a 
matter of common sense there must be something, in the space of the 
universe which is not occupied by atoms, whereby light waves, heat 
waves, electric waves, and magnetic waves are transmitted. (The 
scientists are reasonably certain that these waves can be readily trans- 
mitted through a perfect vacuum.) It is inconceivable that these waves 
— or any wave motion — can be propagated through “nothing at all.” 
Hence, in this book the sether will be considered as that medium or 
something which fills what would otherwise be voids in space and whereby 
light, heat, electric, and magnetic waves are transmitted. Furthermore, 
since Einstein's theory of relativity does not affect the study of heat 
phenomena, it may for the present purposes be assumed that the state- 
ments herein given concerning sether are true. 

47. Matter Is Indestructible. — The molecular composition 
of a portion of matter may be changed. Through new com- 
binations of its elemental atoms the substance of which any 
portion of matter is formed may be changed into some other 
kind of substance. Or it may be changed into several other 
kinds of substances. But the precise quantity (and mass — 
see note below) of that particular portion of matter will 
continue un diminished. 

Note. — If Several, Substances Be Combined Chemically, the 
weight of the resultant substance will be the sum of the weights of the 
individual substances. A quantity of oxygen may unite with the com- 
bustibles in a lump of coal to produce combustion thereof. The com- 
bustibles will volatilize and disperse in gaseous form, leaving a residue of 
ash and clinker. But if these constituents — ^the gases and residual 
substances — could be reassembled, their combined weight would equal 
precisely the weight of the original lump of coal plus the weight of the 
oxygen which was supplied for its combustion. 

48. Matter Cannot Be Created. — Hence the quantity of 
matter in the universe must be constant. It cannot be 
increased, neither can it be diminished. It may, however, 
undergo many changes of form. 

Example. — Rags^ wood^ and certain other substances, will, after under- 
going certain mechanical and chemical processes, reappear as paper.' 
Hydrogen and oxygen will, under certain conditions, combine and form 
water. Note that in both examples no new matter has been created. All 
that has occurred is that the form of existing matter has been changed. 
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49* There Are Three States Of Matter: (1) Solid. (2) 
Liquid- (3) Gaseous. — Theoretically, any substance, as water 
(Fig- 49), may, under different conditions, exist in each of these 
three states- As will be explained in following Secs. 225 and 



351, a substance in the gaseous state may he either a va'por or a gas. 
In general, if the certain temperatxire and pressure conditions 
to which a given gaseous substance is subjected are such that 
the substance is then ^^near^^ the liquid state, it is then, under 
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Fiq. 50. — Imaginary condition of 
molecules in a solid (ice) magnified 
many millions ©f times. 


Pig. 51. — Imaginary condition of 
molecules in liquid (water) magnified 
many millions of times. 


those conditions, called a vapor. If the certain conditions 
are such that the gaseous substance is '^far away'^ from the 
liquid state then, under these conditions, it is called a gas. 

Note. — Figs. 50, 51, And 52 Illtjsthate Imaginaey Arrangements 
suggested by the apparent action of atoms and molecules. The inter- 
vening distances are not proportional to the sizes of the atoms and 
molecules as illustrated. The actual proportional distances are, in a 
practical sense, immeasurably greater than appears in the illustratoins. 
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^N’oTB. — ^Resistance To Changes Of Shape Is A Common Chaeac- 
TERisTic Of Substances In The Solid State. — The shape of a piece of 
steel (Fig. 53) is difficult to change. The shape of a sheet of thin paper is 
changed with relatively little difficulty. The paper may be folded with 



(steam or water vapor) magni- 
jEled many millions of times. 



Fia. 53. — Solids resist compression. 


apparent ease. But its resistance to folding will, nevertheless, be 
definite and distinct. 

Resistance To Compression And Susceptihility To Changes Of Shape 
Are Common Characteristics Of Substances In The Liquid State. — Water is 
practically incompressible. It will, however, instantly take the form of 
(Fig. 54) of any container in which it is placed. 

Susceptibility Both To Compression And Changes Of Shape Are Common 
Characteristics Of Substances In The Gaseous State. — Gaseous substances, 



Fig. 54. — A liquid assumes the form of any container in which it is placed. 

as airj saturated steam, which is a vapor, and highly-superheated steam, 
which approximates a perfect gas, tend to expand indefinitely when 
released from a container. 

50. The Existence Of A Portion Of Matter In The Solid, 
Liquid, Or Gaseous State Depends On The Motion Of Its 
Molecules (Figs. 50, 51 and 52). As stated in Sec. 45, mole- 
cules move or vibrate. The state of the matter — solid, liquid, 
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or gaseous — is determined by the rapidity and extent of motion 
of its molecules. In other words, as will be shown, the state 
of a given portion of matter is determined by the amoimt of 
heat — heat energy — which it contains. 

Explanation. — “/n solids the component molecules are in some way so 
closely bound together, and their vibrations, though still taking place, 
are so narrowly and rigidly limited in relation to one another, that the 
external form of the aggregation — ^the body taken as a whole — ^is capable 
of resisting the action of forces of considerable magnitude which may tend 
to deform it. 

In liquids the molecules, though still held together by a mutual attrac- 
tion which limits their distance of separation (in so far as internal molecu- 
lar forces are concerned), they are now quite free to assume any position 
relatively to one another which they choose, or to roll about one another. 
This rolling is what we call flow. 

In the gaseours form the molecules are very much more widely separated 
than in liquids or solids; they are more actively in vibration, and they 
tend to separate to the widest possible degree permitted by external 
resistances, such as the walls of a containing vessel.'^ (From Reeve's 
Thermodynamics op Heat-engines.) 

Note. — In Solids The Molecules Are Thought To Vibrate At A 
Comparatively Slow Rate and through a small range. Each molecule 



I -^no^Ioo|y to Molecules H' Anotloofy to Molecule s BI* Anolocjy to Molecule-s 
in cs Solid in ot Liquid in oi Co* s 


Fig. 55. — Molecules of substances in the three states act like men in a crowd, pedes- 
trians in a street, and thieves fleeing from an officer of the law. (This is a view from 
above.) 

is analogous to a man (Fig. 55-/) in a densely-packed crowd. He may 
turn around and move slightly from side to side and backward and for- 
ward. But he cannot move far from one position, because he is resisted 
on all sides by other people. 

In liquids, the molecules vibrate more rapidly and through much wider 
ranges. Each molecule moves to and fro encountering little resistance. 
Molecules of liquids are analogous to individuals (Fig. 55-//) passing one 
another on a busy city square. They collide only occasionally. 

In gases, the molecules are so far apart that they have little cohesive 
attraction for one another. They fly about very rapidly and freely. 
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They may be thought of as acting like thieves (Fig. 55-/7/) scattering 
through a field to escape pursuers. Because of their great freedom of 
movement and high velocities they bombard the sides of the containing 
vessel. This creates therein what is called a pressure/^ (see Sec. 227). 

Note3. — The Moeectjles Of Different Portions Of Solid Matter 
Are Incapable Of Interminglinq. — This is due to their restricted 

vibratory motion. Blocks of metal 
(Fig. 56) may be forced in contact 
with each other under enormous pres- 
sure, but no intermingling of the 
molecules of the two blocks will 
generally occur. 

The Molecules Of Different Portions 
Of Liquid Matter M ay^ Usually, 
Mingle Freely. This is due to their 
fluid motion. Fluidity is apparent in 
the facility with which a quantity of 
milk, when poured into a cup of coffee, permeates the entire mass. 
Similarly a drop of red ink in a glass of water will tint uniformly all of 
the water. 

The Molecules Of Different Portions Of Gaseous Matter Will Mix Unre- 
strainedly, This may be observed in the blending of colors which attends 
the forcing of differently colored gases into a common vessel. 

51. Molecules Behave Differently In The Three Different 
States In Which Matter Occurs. — That is, their behavior (as is 
explained later, Sec. 52 ) is determined by the amount of heat — 
heat energy— which is contained in the substance which they 
compose. The rigidity of a solid substance is due to the rela- 
tively strong mutual attraction which prevails among its 
molecules. The fluidity of a liquid substance is due to the 
relatively weak mutual attraction which prevails among its 
molecules. The volatility of a gaseous substance is due to the 
lack of cohesive force between its molecules. The molecules 
of an unconfined gas tend to disperse through all surrounding 
space. All trace of an unconfined gas may thus be lost. 

Note. — The Attraction Among The Molecules Op A Solid is 
analogous to that which exists between two magnets (Fig. 57) in close 
proximity. The magnets will offer quite appreciable resistance to further 
separation. They will likewise resist a force tending to produce a side- 
wise movement of one relative to the other. 

The Attraction Among The Molecules Of A Liquid may he compared to 
the weakened mutual attraction which the magnets in Fig. 57 would 
exhibit if a space equal, say, to their own length intervened between 
them. 



'' -Greet f Pressfjre 


Fia. 56. — Solids remain to them- 
selves, t.e., do not mix, even when 
subjected to great pressure. 
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The Freedom Of The Molecules Of A Gas is analogous to that which 
exists (Fig. 58) between the lead balls of an exploding shrapnel shell. 
The balls scatter unrestrainedly in all directions at first. Tater, of 
course, they all fall to the earth. 


62 . The State Or Condition 
Of Molectilar Vibration And 
Separation Is Called Heat. — 
Heat is thus conceived to be an 



"Horseshoe Mctgfnets-'' 


Fio. 57. — Molecules have attraction 
similar to that of magnets. 







Fig. 6S. — The freedom of movements 
of the lead balls from an exploding 
shrapnel shell illustrates the freedom of 
motion of gaseous molecules. 


inherent attribute of matter so long as molecular vibration 
continues (Sec. 50). An addition oj heat — heat energy — means 
either an increase in molecular^-vibration velocity (kinetic heat 
energy) or an increase in molecular separation (potential heat 
energy) or both. When we say that heat has been added to a 
portion of matter, we actually mean that the vibration velocity 
of the molecules of the matter or the distance between the 
molecules has been increased through some external agency. 
Kinetic or potential energy has been added to the portion of 
matter. Conversely, when we say that heat has been ab- 
stracted from a portion of matter, we actually mean that the 
rate of vibration of the molecules of the matter or the distance 
between the molecules has been decreased (that heat energy 
has been abstracted) through some external agency. 

63. The External Evidences Of Heat Transfer are, when 
heat is added, an enlargement or expansion (Sec. 185) and, 
when heat is abstracted a diminishment or contraction of the 
apparent bulk or body of the portion of matter. These indi- 
cate that, when an object is heated, the molecules spread 
farther apart on the average, due to their more rapid vibration. 
When the body is cooled their less rapid vibration permits their 
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mutual attraction to pull them closer together. (See Sec. 54, 
for the principal e:ffects of heat transfer.) 

Note. — ^Agitation Of A Substance Speeds Up The Motion Op Its 
Molecuues. — If a soft wire (Fig. 59) be bent rapidly back and forth, 
the bent portion of its bulk will become heated. This will be due to the 
agitation of the molecules in the bent portion. If a piece of lead (Fig. 60) 


wire Hot-Due to-. 
Bendiny 



Pia. 59. — Bending wire agitates the Pio. 60. — Lead becomes 

molecules, hence makes it hot. hot when hammered. 


be hammered, its temperature will rise. This will be due to the molecules 
having been jarred, slipped and agitated. The rubbing together (Fig. 



Fio. 61. — A bearing heats because the molecules are made to vibrate more rapidly by the 
rubbing of the metal surfaces. 

61) of substances agitates the molecules and causes increase of heat. 
Agitation of liquids and gases causes heat to develop therein. 

54. Broadly, There Are Only Three Possible Effects Of 
Heat Transfer To Or From Any Substance — any one, two, or 
all three of which may be pi'oduced, depending on the condi- 
tions under which the heat transfer takes place, as is explained 
in Sec. 96: (1) Change in temperature of the substance (Sec. 55) 
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or in molecular vibrational velocity; the part of the total heat 
which produces this change is called vibration heaV^ (2) 
Change in state (Sec. 49) or in the molecular-attraction forces; 
the part of the heat which produces this change is called 
disgregation heat” (3) External work or change in molecular 
position against external forces; the part of the total heat 
which produces this change is called external-work heat” 
or ‘^external heat.^^ Of course there is really only one kind of 
heat; the terms ^‘vibration heat” disgregation heat,^’ and 
^^external-work heat^^ are employed merely to designate how 
portions of the total heat which is transferred to a substance are 
expended in different ways. 

Example. — Consider the effects of adding heat to a quantity of water 
confined in a metal cylinder (as in Fig. 62 ) under a piston, P, and a weight, 
W. The heat which is first added goes almost entirely, as would be 



Fia. 62, — Illustrating effects of heating water. 


indicated by a thermometer, toward raising the iem'peraiwre of the water; 
this would then be vibration heat. The water would also expand, as 
indicated at /J (Fig. 62 ) but the expansion would be very small. Hence 
very little of the added heat is external-work heat, useful in lifting the 
weight, W. But, after continued heating, the water would reach a point 
(temperature) where it would become no hotter;” that is, its tempera- 
ture would cease to rise. The heat which is then added (HI, Fig. 62 ) 
separates the molecules of the water against their mutual attractive 
forces and against the weight, W, which tends to hold them together. 
Hence, the heat which is now added is partly disgregation heat, which is 
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useful in changing the state of the substance 
is partly external-work heat which is useful 
lifting the weight, Wj against the force of era’v 

56. The Temperature Of A Body (Figs. 63 and 64) is a 
measure of the tendency of that body to transmit heat to (Fig. 
63) or to withdraw heat from another body. The tempera- 
? of any substance is a measure of the kinetic or vibrational 



I-Uotendeney -forhewir E-Tendency forheoit lE-Tenclency for heat 

transfer transfer from C to D transfer from F to E 

Fia. 63. — The temperature indicates the tendency of a body to transfer heat. 

energy of its individual molecules — not the total kinetic energy 
of all of its molecules taken together, for this a measure of 
its heat energy or heat content. Hence, do not confuse 
temperature with heat. Temperature is intensity of heat. 
Temperature describes the degree of hotness or coldness of a 
body. Temperature may be thought of as the pressure of the 
heat in a body. Just as the pressure indicated by a steam gage 
is no indicator of the total quantity of steam which the boiler 
or boilers contain, so the temperature of a body (indicated by a 
thermometer) is no measure of the total amount of heat 
contained in the body. 

Note. — In General, It May Be Stated That Temperature Is An 
Approximate Measure Op The Amount Op Heat Per Unit Weight 
which a given material contains. In general, the more heat — heat 
energy a given body contains the higher will be its temperature. But, 
this principle does not hold at or near temperatures where changes of 
state (Sec. 49) occur. Hence, the temperature of a substance is not, 
necessarily, any indication whatsoever of the amount of heat which the 
substance contains. The heat content may, when a change of state is 
occurring, be increased or decreased and yet the temperature remain 
constant (Sec. 103). For example, water at its boiling temperature — 
during a change from the liquid to the vaporous state — may have (Sec. 
52^ much heat added to it and the water be thereby converted into steam; 
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without change in the temperature. The steam has the same tempera- 
ture (Sec. 104) as the boiling water. 



Fia. 64. — Showing how the temperature — the ability- to transfer heat — of boiler 
gases decreases along the jQue-gas path. (The temperatures indicated above are 
approximately those which should be maintained in a horizontally-bafBed water 
tube boiler. JBrown Instrument Co,) 

Note. — Temperature Is Really Thermal. Head Or Pressure. — 
Temperature is to heat what Yolfcage is to electricity. Where there is no 
difference in temperature, there can be no 
flow of heat (O. B. Goldman). 

Example. — Eig. 64 shows the tempera- 
tures which should be maintained for the 
efficient operation of a modern horizontally 
bafiled water-tube boiler. 

56. '‘Cold’' Is A Term Used To 
Express A Condition Of Temperature. 

It is often thought of as the opposite 
of heat. But it is not. In fact, cold 
is merely a word used to designate the 
relative condition of a substance when 
it has less than the normal intensity 
of heat. Therefore, to render a body "" 

cold, (Fig. 65) it is merely necessary 

to take some heat away from it — not to add cold to it. In 
general, a ^^cold'’ body is merely one which has a temperature 
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"^Xtviercury 
^ \-Column 




Fig. 66- — Mercury 
thermometer. 


lower than that which is considered as the 
usual, normal, or ordinary temperature. 

57. The Instruments Ordinarily Used For 
Measuring Temperature Are Called Ther- 
mometers (see also Sec. 652 Div. 19). — In its 
simplest form (Fig. 66) a thermometer is a 
hollow glass tube, hermetically sealed at both 
ends, and expanded into a bulb at its lower 
end. The bulb is filled with a suitable liquid, 
as mercury, and all air is exhausted from the 
tube before it is sealed. This is to permit 
free expansion of the liquid to the top of the 
tube. When the bulb is heated the liquid 
expands (Sec. 185) and rises in the tube. 
When the bulb is cooled the liquid contracts 
and lowers in the tube. When a proper scale 
is used in connection with this arrangement, 
the temperature of surrounding materials may 
be accurately determined. Other instruments 
for measuring temperature are further dis- 
in Piv. 19. 


’ Note. — Eaket Type Of Thermometer is 

illustrated in Fig. 67. A glass tube, with a large bxilb on one end, was 





O/cfss Bulb Oft' 
Temperature 
of Atmosphere -. . 




yCohreof 
: Wafer 




Hciofht Vc-rhblef 
Deperotirg on 
Temperoiture of 
Air in Bulb 
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Fia. 6T. — Making an air thermometer. 


heated. The tube was then inverted and the open end inserted in a 
vessel of colored water. In cold weather, the air in the bulb con- 
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tracted. Tlie colored water was thus forced up in tiie stem by tbe ex- 
ternal air pressure. In warm weather the water-column was corre- 
spondingly low. By placing a scale beside the tube, it could thereby 
be known when the temperature was high or low. Obviously, this 
thermometer was not suitable for showing temperatures below the 
freezing point of water. 


68. Thermometric Scales Are Series Of Graduated Divi- 



sions (Fig. 68) which are marked 
on the tubes or stems of thermo- 
meters, or upon separate fiat sur- 
faces set adjacent to the stems. 
.By means of such scales, the tem- 
peratures are read directly from 
the instruments in degrees'^ (Sec. 
59). 

69. There Are Three Thermo - 



Fxg. 68. — Thermometer with 
3 scales. 


Fig. —Fahrenheit and Centigrade 
scales compared. 


metric Scales In General Use (Fig. 68). — (1) The Fahrenheit 
scale. (2) The Centigrade scale. (3) The Reaumur scale. 
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Tke Fahrenheit scale is in popular 8.nd engineering use in 
English-speaking countries. The Centigrade scale is in 
popular use in most European countries. It is the world- 
wide standard in all scientific usage. The Reaumur scale 
is used principally in Russia. 

Kotb. — The Fahrenheit Thermometric Scale (Fig. 69) was in. 
vented by Gabriel Daniel Fahrenheit, of Danzig, Germany, in 1714. 
Fahrenheit assumed that the temperature of a mixture of equal weights 
of snow and sal-ammoniac (ammonium chloride) was the lowest obtain- 
able. Therefore, he accepted this as the zero (0) of temperature. The 
blood-temperature of the human body, as shown by the rise of the mer- 
cury in the column, was then selected as marking another definite point 
in the scale and called — ^incorrectly, see below — 100. The distance be- 
tween these points was divided into 100 equal spaces. Each space was 
called a degree (°) of temperature. According to this scale, water boils 
(under atmospheric pressure) at 212° and freezes at 32°. The scale be- 
tween these temperatures is, therefore, divided into 212 — 32 — 180 equal 
spaces or degrees. One degree of temperature, Fahrenheit (1° F.), is 
indicated by the expansion of the mercury column of a thermom- 

eter which occurs when the temperature is raised from that of freezing 
water (or melting ice) to that of boiling water. The actual blood tem- 
perature is now known to be 98.6° F. Its non-agreement with Fahren- 
heit's 100° blood temperature is due to errors in the original experiments. 

Note. — The Centigrade Thermometric Scale (Fig. 69), or Celsivs 
scalej as it is sometimes called, was invented by the Swedish physicist 
Celsius. The freezing and boiling temperatures of water were taken as 
definite limits of gradation. The height of the column of mercury at the 
freezing temperature was designated the zero-degree point of the scale. 
Also, the height of the mercury column at the temperature at which 
water boils was designated as the 100° point of the scale. The height 
of the mercury column between the freezing point and the boiling point 
was then divided into 100 equal spaces, each called a degree. 

60. The Calibration Of A Centigrade Thermometer (Fig. 70) 
see also Sec. 659, consists in determining the 0°-mark by 
placing the thermometer in melting ice (Fig, 70, J) and marking 
the height of the mercury column when it is at that tem- 
perature. The thermometer is then placed in steam coming 
from boiling water (Fig. 70, JJ). The 100°-mark is placed 
even with top of the mercury when it is at the temperature 
of this steam. The distance between the O'^-mark and the 
100®-mark is divided into 100 equal spaces. The rise of the 
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top of the mercury column for a distance equal to one space, 
indicates a temperature rise of one degree Centigrade (1° C.)! 



Pio. 70. — Determining 0 and 100-degree marks on a Centigrade thermometer. 


61. The Absolute Thermometer Scale (Fig. 71) must be 


used in certain calculations concerning 
the thermal action of some substances, 
particularly gases. In order to describe 
this scale it is necessary to consider 
absolute zero (0° abs.) which is the lowest 
temperature theoretically attainable. 
It will be recalled (Sec. 52) that heat is 
a condition of motion of molecules. If 
it were possible to have a substance in 
such a state that the molecules were 
motionless, there certainly would be no 
kinetic heat energy in the substance and 
its temperature would then be the lowest 
possible to obtain. When a perfect gas, 
which is confined in a vessel, at 0° C. is 
cooled 1"" C., its pressure is observed to 
decrease Mts of the pressure at 0°. 



Since the pressure exerted by a gas is 
due to bombardment of the walls of the 
containing vessel by the vibrating 


n -Absolute 

Fig. 71. — Ordinary and 
absolut e thermometer 
scales compared. 



54 


PRACTICAL HEAT 


[Dxv. 2 


molecules, it is concluded from the above observation that if 
the temperature were lowered 273° C. below 0° C., there would 
then be no pressure exerted by the molecules. There would 
be absence of all heat« The temperature of a substance at 
this theoretically lowest temperature is assumed to be 0° on 
the absolute scale. The water freezing temperature is, then, 
273° C. abs. (Fig. 71) and the boiling temperature of water is 
at 373° C. On the Fahrenheit scale, absolute zero is 492° 
abs. below the freezing point of water which is 32° F., hence, 
0° F. is equivalent to 460° F. abs. 

Note. — A Method Of Manufacturing A Thermometer (Fig. 72) 
follows: A glass tube with capillary opening and a bulb blown at one 
end (/) is filled with mercury. The bulb and contained mercury are 
heated (//) to a temperature somewhat higher than that for which the 



thermometer is to be used. While at this temperature the tube is sealed 
off — closed — (///) at its open end. When the tube, bulb, and mercury 
cool, the mercury contracts {IV) and leaves the tube empty in the upper 
portion. Thus, there is a vacuum above the mercury column. 

62. Readings Of One Thermometer Scale May Be Con- 
verted To Equivalent Readings Of Another Scale. — It is often 
necessary in practice to make such conversions. Fig. 68 illus- 
trates a thermometer with three scales, thus it is possible to 
read temperature from it in any one of the three, but usually 
thermometers are graduated for one scale only. Following 
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are facts and rules used for converting readings from one 
scale to another. 

(16) 1° C. = P- = 1-8° F. 

(17) 1° F. = C. = 0.556° C. .. 

Rule 1. — To Reduce Tempebatubbs As Shown On The Fahren- 
heit ScAEE To The Centigrade (Fig. 73), find the number of degrees 



PIQ. 73.— Chart showing relation of Fahrenheit to Centigrade degrees. ( W. S. Rockwell 


Fahrenheit above the freezing temperature of water and multiply by %. 
By formula: 

(Ig) Tc = 5^(2"p - 32) (deg. Cent.) 

Wherein: Tc = degrees on Centigrade scale. Tf = degrees on the 


Fahrenheit scale. ^ rr. , 

Rule 2. — To Reduce Temperatures As Shown On The Centi- 
grade Scale To The Fahrenheit, multiply the numbers of degrees 
Centigrade by 9-^ and add 32. By formula . 


(19) 

Wherein Tp and Tc have 


Tp - HTc -f 32 
the same meanings 


as in For. 


(IS), 


(deg. Fahr.) 
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Note. — To Coistvert A Thermometer Reading To Absolute Scaije: 
Centigrade, add 273 to the Centigrade reading. To convert a Fahren- 
heit reading to absolute temperature Fahrenheit, add 460 to the Fahren- 
heit reading. (The value 460 is not exact but is very nearly so.) These 
rules may be expressed by the following formulas: 

(20) Tif Tp + 460 (deg. Fahr. abs.) 

(21) = Tc 4- 273 (deg. Cent, abs.) 

Wherein: Tif^ and Tc — the absolute temperatures measured in Fahren- 
heit and Centigrade degrees, respectively, Tp and Tc = respectively, 
the Fahrenheit and Centigrade temperatures. 

Example. — Fahrenheit thermometer records 180°. What is the 
equivalent Centigrade reading? Solution. — By For. (18), Tc = 
- 32) -MX (180 - 32) - 82M° C, 

Example. — A Centigrade thermometer records 51 degrees. WTiat is 
the equivalent Fahrenheit temperature?* Solution. — By For. (19), 
Tp - HTc + 32 - [H X 51] + 32 == 123M° F. 

Example. — The temperature of a solution (Fig. 74) is 20° C, What 



Fia. 74- — What is the Fahrenheit temperature? 

would a Fahrenheit thermometer read in the same solution ? Solution. 
By For. (19), Tp « + 32 == [% X 20] + 32 = 36 + 32 = 68° F. 

Example. — A certain solution solidifies at 9° below zero Fahr. 
( — 9°F. ) . What is the equivalent temperature by a Centigrade thermom- 
eter? Solution.— By For. (18), Tc = HiTp — 32) - M X (— 9 — 32) 
== M X (—41) = —22%° (7., or 22%° below zero CenL 
Example. — A temperature of 32° F. is equivalent to 32 -f- 460 — 
492° F. absolute (abbreviated abs.). A temperature of 550° F. is equiva- 
lent to 550 4- 460 — 1,010° F. abs. 

Example. — A certain solution at a certain, pressure boils at 20° C. 
What is the absolute temperature in 8 degrees Centigrade at which 
the solution boils? Solution. — By For. (21), X — Tc 4- 273 — 
20 4- 273 - 293° C. abs. 
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63. Table Showing Temperatures At Which Some Impor- 
tant Phenomena Occur. — The melting and boiling phenomena 
here listed occur at the temperatures shown only when the 
substances are heated at normal atmospheric pressure. 


Temperature 

Phenomena 

Temperature 

Phenomena 

Deg. 

Cent. 

Deg. 

Fahr 

Deg. 

Cent- 

Deg. 
j Fahr. 

3,500 

6,330 

Temp, of electric arc. 

288 

550 

Gunpowder ignites. 

3,500 

6,330 

Carbon vaporizer. 

215 

420 

Tin melts. 

3,000 

5,400 

Attained by Thermit. 

109 

228 

; Sulphur melts. 

2,800 

5,072 

Oxyacetylene flame. 

100 

212 

Water boils. 

2,500 

4,532 

Oxmium melts. 

79 

174 

Alcohol boils. 

2,225 

4,037 

Iridium melts. 

65 

149 

Fusible alloy melts. 

2,231 

4,000 

Bessemer furnace. 

61 

142 

Beeswax melts. 

1,710 

3,080 

Platinum melts. 

46 

114 

Paraffin melts. 

1,530 

2,731 

Wrought iron melts. 

44 

111 

Phosphorous melts. 

1,400 

2,552 

White “heat.** 

36.8 

98 

Human body in health. 

1,371 

2,500 

Steel melts. 

17 

62 

Mean temperature of sea. 

1,200 

2,192 

Orange red “heat.” 

0 

32 

Water freezes. 

1,100 

2,012 

Copper melts. 

-17.7 

0 

Mixture salt and ice melts. 

1,063 

1,981 

Pure gold melts. 

-38.8 

-34.3 

Mercury freezes. 

1,050 

1,922 

Cast iron (lowest) melts. 

-55 

-68 

Temp, in Arctics. 

970 

1,778 

Silver melts. 

-70 

-94 

Balloon (9 miles high). 

. 700 

1,292 

Dull red “heat.” 

-118 

-ISO 

Ether freezes. 

625 

1,157 

Aluminum melts. 

-252 

-422 

Hydrogen boils. 

405 

762 

(About) coal ignites. 

-259 

-434 

Hydrogen freezes. 

400 

752 

Red hot iron visible in 

-270 

-454 

Greatest Artificial “cold” 



dark. 



(1908). 

357 

674 

Mercury boils. 

-273 

-460 

Absolute zero. 

316 

600 

Lead melts. 
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64. Table Showing Equivalent Temperature Readings For 
Fahrenheit And Centigrade Scales. 


Beg 

Fahr. 

Beg. 

Cent. 

Beg. 

Fahr. 

Deg. 

Cent. 

Beg. 

Fahr. 

Beg. 

Cent. 

Beg. 

Fahr. 

Beg. 

Cent. 

~40 

-40 

95 

35 

230 

110 

365 

185 

-31 

-36 

104 

I 40 

239 

115 

374 

190 

-22 

-30 

113 

45 

248 

120 

383 

195 

-13 

-25 

122 

50 

257 

125 

392 

200 

— 4 

-20 

131 

55 

266 

130 

401 

205 

5 

-15 

140 

60 

275 

135 

410 

210 

14 

-10 

149 

65 

284 

140 

419 

215 

23 

- 5 

158 

70 

293 

145 

428 

220 

32 

0 

167 

75 

302 

150 

437 

225 

41 

5 

176 

80 

311 

155 

446 

230 

50 

10 

185 

85 

320 

160 

455 

235 

59 

15. 

194 

90 

329 

165 

464 

240 

58 

20 

203 

95 

338 

170 

473 

245 

77 

25 

212 

100 

347 

175 

482 

250 

86 

30 

221 

105 

366 

180 

491 

255 


QtTESTIOirS ON DIVISION 2 

1. What is matter? How may it be recognized? 

2. Name ten substances made of matter. 

3. Of what is matter made up? Is this the smallest particle of matter? 

4. What is an element? How many elements are known? 

6. Name some common elements. 

6. Of what is the atom composed? 

7. Are atoms and molecules in contact? What holds them together? 

8. What is the determining feature in the makeup of matter? What determines 
whether a substance is wood or iron? 

9. Do molecules and atoms move? How? 

10. How many times larger than a molecule of salt the smallest particle that is 
visible under a microscope? 

11. What is between atoms and molecules? Why no air? 

12. Can matter be destroyed? Created? 

13. In what three states is matter found? Describe briefly the condition of a sub- 
stance in each state. 

14. How do molecules behave in the three states? 

16. Are molecules closer or further apart in a gas than in a solid? 

16. What causes molecules to vibrate? What is heat? 

17. What is temperature? Is the temperature an indication of the contained heat? 

18. What is cold? 
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19. Is feeling a good way to judge temperature? Why? 

20. How is temperature accurately measured? 

21. Describe the Fahrenheit thermometer scale- The Centigrade. 

22. What is the absolute thermometer scale? Explain. 

23. What relation exists between Fahrenheit degrees and Centigrade degrees? 

24. What is the rule for converting temperature readings on the Fahrenheit scale to 
the Centigrade scale? Vice versa? 

26. How are ordinary thermometer readings reduced to absolute readings? 


PROBLEMS OlSr DIVISIOIT 2 

1. Mercury boils at a temperature of 357® C. What is the equivalent temperature 
on the Fahrenheit scale? 

2. Frozen ammonia is found to melt at — 75.5® C. What is the equivalent tempera- 
ture by a Fahrenheit scale? 

3. Pure iron melts at about 2,750° F. What will a temperature recording instrument 
with a Centigrade scale record when inserted in the newly melted iron ? 

4 . Hydrogen gas has been liquified at the very low temperature of —396.4® F. 
This is noticed to be near the temperature of absolute zero. What is the temperature 
by the Centigrade system of measuring temperature? 

6. Express the following in absolute temperatures Fanrenheit: 212® F.» 460® F., 

— 32° F. ^ 

6. Express the following in absolute temperatures Centigrade: 100® C.. 0 C., 

— 175® C., 20® C. 



DIVISION 3 


THE SOURCE OF HEAT 


65o PracticaEy All Of The Earth^s Heat Is Derived Either 
Directly Or Indirectly From The Sun. — It is this heat that 
insures continuance of all plant and animal life. 

Kote. — ^The Heat From The Sun Propagates Peant Life Upon 
The Earth. — Eventually, the plants become available for use as fuel, 


either as coal (Fig. 75) or wood. 
Coal (Fig, 75) is formed from 
deposits of vegetable matter which 
have been subjected to great pres- 
sure and heat through long periods 
of time. Decay of vegetable and 



Fig. 75. — Section of a coal mine. 



Fig. 76.— Section of earth showing 
gas and oil wells. 


animal deposits within the earth also results in the formation of 
natural gas and mineral oil (Fig. 76). Such gas and oil are likewise 
available for fuel. The heat of the sun is stored up in these fossil fuels. 
Thus it is made indirectly available for mankind's use. 

Note. — Small Power Plants (Fig. 77) Have Been So Constructed 
As To Draw The Heat Necessary For Their Operation From The 
Sun. — But such plants are of very limited application. The power 
realized therefrom is, ordinarily, practically incommensurable with the 
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relatively great cost and complication of tlie apparatus required- Also, 
the direct heat of the sun is not constantly available. In some climates, 
long intervals may elapse during which the sun is obscured by clouds. 



Fig. 77. — Pifres sun-power plant. (From Smithsonian Report, 1913.) (The 
mirrors are held in a reflector-shaped-frame unit which can be faced toward the sun. 
A hand wheel is used to rotate the unit to such a position that the sun’s rays will 
fall directly on the mirrors. The rays from the sun then strike the mirrors and are 
reflected onto the boiler which is located in the center or “focus.” The water in the 
boiler absorbs heat from the sun’s rays and is thereby transformed into steam. The 
steam, thus formed, is used to drive the engine. The exhaust steam from the engine 
is used in a feedwater heater to heat the previously cold water which, is pumped into 
the boiler.) 

Fig. 78. — Showing installation for heating water for bathing and washing purposes. 
(Day & Night Solar Heater Co., Los Angeles, Cal.) (The non-freezing liquid, shown in 
black, upon being heated in the sun coil, S, on roof, circulates through the coil, C, inside 
of the storage boiler, thus heating the water. Note that the warmed water, which is to 
be used, does not circulate through the sun coil, S.) 

See also Pig. 78 which shows how the sun’s rays are used directly for 
water heating in California. 

66. Heat Rays From The Sun Cause Evaporation Of Water 
From Oceans, Lakes and Rivers. — The ascending vapors gather 
in the upper strata of the earth’s atmosphere to form clouds. 
Eventually the vapors condense and descend again to earth, 
falling on hill and mountain in the form of rain. The rain 
flows in rivulets to larger streams and rivers. That water w hich 
falls on the higher parts of the earth’s surface possesses poten- 
tial mechanical energy. This may, with suitable equipment, 
be made available as mechanical or as electrical energy. 
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67. The Source Of Solar Heat has been investigated for 
many years. Several theories in explanation of its origin have 
been advanced. Probably the most satisfactory of these — ^the 
nebular hypothesis — ^is as follows : 

Explanation. — ^I t is assumed that the space now occupied by our 
planetary system was originally filled with a nebula. A nebula is believed 
by some to be an extremely tenuous body composed of unorganized 
gaseous matter whirling at an enormous speed around a common vortex 
or center. Others believe a nebula to be made up of planetesmals or 
particles of matter. Portions of this nebula separate from the parent 
mass. They gradually contract and cool during the course of ages. 
Eventually they formed the planets, planetoids, and other celestial bodies 
which comprise our present solar system of spheres — small and large — 
which revolve about the sun. 

Coincidentally, the immense nebulous mass immediately adjacent to 
the vortex, or common center, (though extending thence in all directions 
through many millions of miles of space) was likewise contracting and 
solidifying into a compact body. This body is now known to us as the 
sun. The shrinking or contracting of the various portions of nebula has 
been due to the gravitational or attractive force of the particles which 
comprised the original mass. 

68. The Contraction Of The Sun Converts Potential 
Energy Of Position Into Heat, just as the falling of a stone 
finally converts its potential energy of position into heat. 
It has been calculated that a contraction of the sun’s diameter 
of about 250 ft. per year is sufficient to supply the heat which 
is given off by radiation. At this rate of contraction, 1,000 
years would elapse before the sun would exhibit a sufiScient 
alteration of size to be discerned through our telescopes. 
For a more complete discussion of this subject see Abbots^ 
The SiJ]sr. 

69. The Internal Heat Of The Earth Is Virtually Unutilized. 

The presence of this heat is evident from the volcanoes and 
hot springs that exist in certain localities. It is thought that 
the earth’s crust may be 100 miles thick, and that beneath 
this crust the mass of the earth is molten hot. 

Note. — ^The Earth’s Internal Heat Is Utilized To Some Extent 
In Italt For The Development Of Power. — In certain volcanic 
regions powerful jets of superheated steam, of from 10,000 to 40,000 lb. 
per hr. capacity, and at pressures of from 30 to 75 lb. per sq. in., are 
obtained from borings in the earth. These borings are from about 8 to 
16 in. in diameter and from 300 to 750 ft. deep. They are lined with steel 
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tubes which, convey the steam to the earth's surface where it is utEized 
in steam engines, steam turbines or similar energy-converting equipment. 

70. Mechanical Energy, or Action, Produces Heat. — It 

cannot be said that mechanical action is a source of heat, 
since the heat so produced comes indirectly from the sun. 
Heat is a manifestation of certain mechanical action. Or, 
otherwise stated, mechanical energy may he converted into 
heat energy. Primitive man found that he could start a fire 
(Fig. 79) by rubbing sticks together. The rubbing together 
of pieces of wood causes heat, due to the friction between 
the pieces. The mechanical energy applied by the man is 
transformed into heat energy. The man and the wood are 
dependent upon the sun for existence. Hence, the sun is, 
indirectly the source of the heat generated in the rubbing 



Fia, 79. — Fire from friction — kinetic Pi<3, 80. — Heat from friction of cHsel 

energy transformed into heat energy. against moving grinder. 


Note. — The Fobm Of Frictiokae Heat That Chiepey Concerns 
The Power Plant Operation is that wkich. is manifested in the heating 
of engine and shaft bearings by reason of excessive load or inadequate 
lubrication. 

Examples. — When an automobile, or a railway car, is stopped by 
applying the brake, considerable heat is developed by friction between 
the brake shoe and the wheel or other revolving element. The applied 
mechanical energy of the braking mechanism is converted into heat 
energy which is dissipated in the surrounding atmosphere. In grinding 
a tool (Fig. 80) on an emery wheel, or grindstone, heat is developed. 

71. Heat Is Developed When The Physical Forms Of 
Bodies Of Matter Are Changed. — If mechanical energy is so 
applied as to change the shape of a body, heat is '' generated. 
Lead becomes hot (Fig. 60) when hammered. The heat so 
manifested is due to percussion. When an iron wire (Fig. 69) 
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is bent continuously back and forth at the same point, it becomes 
hot because of the repeated changing of its shape. When a gas 
is confined in a cylinder (Fig. 34) and is compressed by the 
piston^s forcing it into a smaller space, the gas becomes very 
warm. It may, under certain conditions, become sufficiently 
hot to ignite spontaneously. This heat due to compression is 
noticeable in the action of a bicycle or automobile tire-pump 
and in certain types of gas-engines (Fig. 34) . It results from 
the decreasing of the volume occupied by the gas. 

Note. — Heat Developed In The Compression Of a Gas Is Trans- 
mitted through the wall of the containing vessel and may be carried 
away in a current of water or in the surrounding atmosphere. Then re- 
expansion of the gas must be attended by absorption of a quantity of 
heat, from surrounding substances, equal to the quantity of heat so dissi- 
pated. This principle is utilized in the mechanical refrigerating plant. 
An often-observed example of the result of this phenomena is the coating 
of frost which forms on the end of a pneumatic-rock-drill exhaust pipe 
when the drill is in operation. 

72. Heat May Be Derived From Electrical Energy. — That is, 
electrical energy may be transformed directly into heat energy. 
Every conductor which is carrying 
a current of electricity offers resis- 
tance to the current. A current- 
carrying conductor always be- 
comes heated to some degree, even 
though the heating may often be 
practically inappreciable. Such 
heating of a conductor represents 
a loss of electrical energy. This 


PiQ. 81. — Heat from electrical energy. Fig, 82. — Heat from electrical 

energy. 

loss is known to the electrician as the J ^E-loss, wherein I 
represents the current in amperes and R the resistance of 
the conductor in ohms. 
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Note. — The Heat Thus Deveeoted In Electrical Conductors Is 
Made Useful In Various Ways. — ^Electric-furnaces, welding, car- 
heating, cooking, ironing (Fig. 81 ) are a few of the methods of utilizing 
electrically-developed heat. The electrical method of room heating (Fig. 
82 ) offers many conveniences- It is, however, relatively expensive in 
most localities. Electricity, flowing through and heating to incandes- 
cence a metal fiOLament, is now indispensable as a producer of light. 
While producing the light, the electric current also causes the white-hot 
incandescent-lamp filament to give off heat. 


73. Heat Is Produced by Certain Chemical Reactions. 

That is, when certain chemical processes or reactions occur, 
chemical energy which resided in the substances involved in 
the reaction is transformed into 



Fig. S3. — Combustion of coal — a 
chemical action. 


Fig. 84. — Combustion of gas 
heats water. 


Conversely, it is necessary to add heat energy to effect certain 
other chemical reactions; see Sec. 157 for a further discussion. 
Chemical reaction includes all forms of combustion. And 
combustion — burning — of fuels is the source of heat with which 
the power-plant operator is mainly concerned. The combus- 
tion or burning of coal (Fig- 83), wood, oil or gas (Fig. 84), is 
the chemical action (see Div. 14 on Combustion) occurring 
between the carbon and hydrogen, contained in the fuel sub- 
stances, and the oxygen of the air. , 

Note. The R-espiration Of Animals Is a Process Of Slow Com- 
bustion Or Chemical Action. The ox^’-gen breathed into the lungs 
combines with the carbon and other elements in the blood. The result- 
ing chemical action liberates or “causes” animal heat, 

5 
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74. The Elements Composing Fuel Substances Change 
Their Molecular Form In Uniting With Oxygen- — But nothing 
is lost (Sec. 48). Only the form is changed. This change is 
accompanied by a very violent action of the atoms in forming 
new molecules. It is so violent as to produce or liberate heat 
sufficient to cause the combustible substances to glow with a 
red or white light. This situation is explained more fully in 
Sec. 176. By combustion, the chemical energy (potential 
energy) of the fuel substance is converted into heat energy. 

QUESTioiTS on mvision s 

1. Wbat is mankind’s main source of heat energy? 

2. Why is the direct heat of the sun not commercially available as a source of power? 

3. What is the relation between the sun’s heat energy and the heat derived from the 
conbxistion of wood? 

4. What is the origin of natural gas? 

6. How does the sun produce the power which may be realized from a waterfall? 

6. Is the earth solid throughout? Explain. 

7. Is the heat of the earth’s interior available for producing power? 

8. What causes the heating of an engine bearing? Is the heat due to friction in an 
engine bearing of any practical use in heating the room? 

9. How does compression of a gas afifect the temperature of the gas? 

10. Name some uses of the heat which is always developed when an electric current 
flows in a conductor. 

11. Explain how heat is developed by the combustion of fuels. 

12. What transformation of energy occurs when coal burns? 
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76. The Amount Or Quantity Of Heat Which Any Portion Of 
Matter Contains is determined by; (1) The weight of the portion 
of matter. (2) The nature of the substance. (3) Its condition, 
whether solid, liquid, or gaseous. (4) Its temperature. (6) 
Its pressure, if the substance is a gas. Therefore, if the condi- 
tion and characteristics, as specified in the five preceding items, 
are known, concerning a body, the quantity 
of heat which it contains can, as will be 
shown, be determined. 

76,. For Measuring Quantity Of Heat A 
Unit Is Necessary. — The ancient philos- 
ophers thought that heat was a fluid. 

Heat does resemble a subtle fluid, in that 
it may be ‘ ‘ poured into ” a portion of matter 
to make it warmer, or “drawn out” of the 
body to cool it. Just as the gallon is the 
unit for measuring quantity of water, so 
the British thermal unit (which is defined 
in the following section) is a unit by which 
quantity of heat may be measured. But it 
should be remembered that heat is by no 
means a fluid. It is (Sec. 32) kinetic 
molecular energy. 

77. A Unit For Measuring Quantity Of 
Heat Is The “British Thermal Unit” 

(B.t.u.). — A definition, sufiiciently accurate 
for practical purposes, is this (Fig. 85) — A 
British thermal unit is the amount or quantity 
of heat, required to increase the temperature of 1 lb. of water, 1° F. 
The preceding interpretation is the one which will be assumed 
in this book, unless otherwise specified. 

67 



Fia. 85. — One B.t.u, 
— quantity of heat re- 
quired to raise 1 lb of 
water 1° F 
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Note. — ^To Depiiste The B.t.xj., With Scientific Acctjhacy, tlie 
temperature range must be specified definitely. The usually -accepted 
technical definition is: A B.Uu. is the amount of heat required to raise the 
temperature of 1 lb. of water from 62° F. to 63° F. Certain authorities 
specify the lower temperature as 15° C. (59° F.), while others specify 
39.1° F., at which temperature water has its maximum density- , Another 
definition states that B.t.u. is Hso of the total heat required to raise 
the temperature of 1 lb. of water from the freezing to the boiling point. 
Due to the fact that experiments show that the heat actually required 
to raise the temperature of water 1° F., varies with the temperature of 
the water, it is essential, in precise laboratory determinations, that the 
unit be defined accurately. But the technicalities introduced in the 
different definitions, given in this note, can be disregarded in practical 
engineering. 

78. The Formula For Computing The Amount Of Heat 
Required To Change The Temperature Of Water A Specified 
Degree Is: 

(22) Q = W(T 2 — Ti) (British thermal units) 

Wherein : Q = amount of heat added or subtracted, in British 
thermal units. W = weight of water, in pounds. Ti and Tz 
= respectively, upper and lower temperatures, in degrees 
Fahrenheit. 

Derivation. — Since by definition, 1 B.t.u. will increase the tempera- 
ture of 1 lb. of water 1° F., it is merely necessary, in order to determine 
the heat required to increase the temperature of the water any number 
of degrees Fahrenheit, to multiply the weight of water, under considera- 
tion, by the rise, in temperature which occurs, in degrees Fahrenheit. 
This operation is the one which the formula specifies. 

Example. — Hew much heat is required to raise the temperature of 
1 gal. of water t>om 75 to 101° F.? Solution. — A gallon of water weighs 
8.3 lb. Substituting in For. (22): Q — VI {T 2 T^) = 8.3(101 — 75) 

— 216 B.t.u. 

79. The Small Calorie Is The Metric Unit Of Quantity Of 
Heat. — The small calorie is used almost exclusively in phys- 
icaWaboratory work, the world over. The small calorie is 
the amount of heat required to raise the temperature of 1 gram 
(1 cubic centimeter) of water 1° C. 

(23) 1 B.t.u. = 252 small calories. 

(24) 1 small calorie = 0.004 B.t.u. (frpV'^oximately) 

Note. — The Kilogram Calorie, Or Large Calorie, is one thousand 
times as great as the small calorie. It is used in engineering computa- 
tions in countries which have adopted the metric system. 
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(25) 1 BAu, = 0.252 large calorie. 

(26) 1 large calorie = 3.968 B.v.u. 

Note. — Where Heat Quantity Is Specieiee In Calories, it should 
be designated whether the large calorie or the sTnall calorie is implied^ 

Example. — How many small calories are equivalent to 615 B.t.u.? 
Solution. — Now, 1 B.t.u. = 252 small calories. Therefore, 615B.^.^*. = 
615 X 252 == 154,980 small calories. 

Example. — ^How many B.t.u. are required to raise 5 kilograms of 
water 5° C. in temperature? Solution. — It is a fact that: 5 kilograms — 
5,000 grams. Hence, heat required to raise 5,000 grams, 5° C. — gm. X 
deg. Cent. == 5,000 X 5 ~ 25,000 small calories. Now, 1 small calorie = 
0.004 B.t.u. Therefore, 25,000 cal. = 25,000 X 0.004 100 B.t.u. 

80. THe First Haw Of Thermodynamics is: Heat and 
mechanical energy can he converted one to the other and, when 
thus converted) a definite relationship 
always exists. This follows from the 
statements of Secs. 25 and 26. It 
means that heat energy can be trans- 
formed into mechanical energy (Fig. 

86) and, conversely, that mechanical 
energy can be converted to heat 
energy; it means, further, that for 
each unit (1 B.t.u., for example) of 
heat energy that is converted into 
mechanical energy, a certain number 
of rnechanical-energy units (foot- 
pounds) will be formed, and vice 
versa. The original number of energy 
units of one kind of energy determines 
the number of energy units of the 
other kind that will result from a 
perfect conversion. See following se, — Heating a confined 

gas in a hot-air engine increases 
sections. the volume of the gas and thereby 

81. Since ‘‘Heat And Mechanical converts heat into mechanical 
Energy May Be Converted From 

One To The Other’’ There Must Obviously Be A Mechanical 
Unit Equivalent Of The British Thermal Unit. — The foot- 
pound (Sec. 22) is a unit of mechanical energy. The B.t.u. 
is a unit of heat energy. It follows, therefore, that a B.t.u. 
should be equivalent to a certain definite number of foot- 
pounds. Experiments have proven that it is. 
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82. The Mechanical Eqmvalent Of Heat, that is, the 
number of fooUpounda in a has been determined and 

verified thousands of times. The principle of the apparatus 
involved is explained below. All of these experiments show 
that for practical engineering purposes : 


(27) 

1 B.t.u. 

(28) 

1 ft.-lh. 

(29) 

1 hp. 

(30) 

1 hp. 


== 77% ft Ah. 

= 0.001,28 

= 42.42 B.t.u, per min. 
= 2,545 B,t.u. per hr. 


Note. — ^Precise Determinations Of The Mechanical Equivalent 
Op Heat by the United States Bureau of Standards indicate that: 
1 B.Lu, ~ 778.2 ft.Ib.j when 1 B.t.u. is taken as the heat necessary to 
raise the temperature of 1 lb. of water from 59 to 60° F., and ~ 777.5 
ft.-lb. when the B.t.u. is measured at 62° F. A B.t.u. is often taken as 
equal to 778 ft. -lb., as stated above. The arrangement used for deter- 
mining the mechanical equivalent of heat (Fig. 87) provides for the meas- 



Fia. 87. — Apparatus for determining: mechanical eqmvalent of heat. 


uring of the heat energy imparted to a known weight of water, //, by the 
foot-potinds of work done on the water, through the action of submerged 
paddles, F, which are caused to rotate by a falling weight, W. See also 
Figs. 88 and 89 for another arrangement for determining the mechanical 
equivalent of heat. 
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Explanation. — The foot-pounds olwork done by W (Fig. 87), in fail- 
ing a distance D is (neglecting friction, which can be rendered insignifi- 
cant) expended solely in stirring the water H. The friction produced 



IFig. 88. — Mechanical equivalent of heat apparatus. (^Central Scientific Co.') See 
succeeding illustration. The falling weight does work — expends energy^— which heats 
the water in the container. 



Fig. 89. — Section of friction element of mechanical equivalent apparatus. (This is 
partial sectional view of the equipment shown in the preceding illustration.) 

thereby raises the temperature of the water. This indicates that heat 
has been imparted to the water. By noting the rise in temperature and 
the weight of water, the amount of heat energy which results from the 
expenditure of the mechanical energy may be calculated readily. 

Example. — Water weighing 125 lb. and at 60® F. is held in a container, 
like that of Fig. 87. It is stirred by the paddles which are actuated by a 
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falling weight, which, when the temperature of the water has attained 
63® F., has developed 291,760 ft.-lb., of work- Assuming that all 
exterior friction is negligible, how many foot-pounds does each B.t.u. 
of heat, imparted to the water, represent. Soltjtiot^. — Heat absorbed 
by the water, For. (22) === Q - W - Ti) 125 X (63 - 60) = 
125 X 3 == 375 Bd.u. Then the fooU'pownds ex'pended per B.t.u, == 
291,750 375 = 778 ft.-lb., which is the mechanical equivalent of heat 

as specified above. 



83. The Mechanical Equivalent Of Heat May Be Deter- 
mined Electrically with an apparatus (Fig. 90) whereby the 
electrical energy is expended in a resistor 
which is submerged in a vessel containing 
a known weight of water- The watthours 
energy expenditure can be reduced readily 
to foot-pounds. (It is a fact that: 1 watt- 
hour = 2,655.4 Then, knowing the 

initial and final temperatures of the water, 
the mechanical equivalent of heat can be 
determined. 

84. The Second Law Of Thermodynam- 
ics may be stated in many ways; two 
statements of the law are given here: (1) 
Heat has never been known to flow of its own 
accord from a cold to a relatively hotter body. 
(2) It is impossible to obtain work by cool- 
ing any portion of matter below the tem- 
perature of the coldest of surrounding objects. 

To cause heat to flow from a cold to a 
relatively hotter body (as it does in refrigerating machines) an 
expenditure of energy is required. The consequences of this 
law are of great importance. It will be shown by means of 
this law that heat can never be completely converted into 
mechanical energy — not even under ideal conditions. When- 
ever heat energy is converted into mechanical energy, some 
of the heat must remain in the unconverted state as heat 
energy. The heat which cannot be converted may be con- 
sidered as an unavoidable “loss, although the heat is not 
actually lost. 

Example. — Much, of the heat of the steam from a boiler may be 
tmavoidably '‘lost” (Fig. 91) by radiation from the pipes and thxough 




Heshfance Wire--' 

Fia. 90- — ^Electrical 
calorimeter for deter- 
mining heating effect of 
electric current. 
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the exhaust from the engines. But this '^lost” heat raises the tempera- 
ture of the surrounding atmosphere, and is absorbed therein. 

Note. — Tee Flow Of Heat Is Similar To The Flow Of Water. 
If temperature be thought of as a sort of ^'head'^ or vertical distance. 


then certain heat phenomena become Energy AraUable For Useful Work'^ 
very clear. Thus, it is known to ^ ^ 

everyone that water will not, of its A; : tt. 

own accord, flow uphill. Statement g 

(1) above is very similar. Likewise, ^ 

it may be said that it is, in general, S e//; if- .1 Losses ^4.% 

impossible to obtain work from a 

stream of water by allowing the water v Oue To Faef TL^f 

to flow to an elevation lower than /' ; ^p^%ct ^ 

"Hectf FJow / A'CiT/crc./ 

that of the height of the lowest nearby Unay,>!c/Ms Loss In Exhoast mm 

natural stream. This is shown by Fig. Theorefka!fy Perfect £r7yme 

92. In /■/, Fig. 92, the centrifugal Fis. 91. — Diagram showing distribu- 
pump will be found to require more energy in a non-condensing 

power than is gained by using Arrange- values are typical but ap- 

ment J/ instead of Arrangement J. 

This idea is similar to that of statement (2) above. 

Note. — The Seconu Law Of Therm odti^amics Con-tradicts The 
Possibility Op Perpetual Motion. — If heat could be taken from the 


^ ^ Pacflathn^ 

5 E;\’y 'rf-y 1 losses -4 Z 

B 0=5: V •' /'-MZ Losses In Exhaust* 

V i.‘. '/ A Due To Fact That 

' •• : '• ' /' ' Engine Is Not 

-HeofF/ow-^ / 

6£% Unavoidable Loss In Exhaust iVlth 
Theoretically Perfect Engine 

Fis. 91. — Diagram showing distribu- 
on of energy in a non-condensing 
■^alues are typical but ap- 


^.'Upstream Level 

mtenyheeT^ 
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^ Dorm- 
<§> ^^Stream 
JR LVerter 
Leve'- 



Oo)vnstream Water 
Level ' - . 


Small Dam-^, 


Waterwheel- - 
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I“UHti2lng Hatural HydrauJic Head BL-UtUizing More Than Natural Hydraulic 

Head And Pumping Water Up To River Level 

Fig. 92. — Illustrating the second law of thermodynamics. The head, Zs, in II is 
greater by the distance Zs, than that, Zi, in I. But nothing is gained in II by increasing 
the head by Zs because the water has to be pumped back up again to the “elevation of 
the lowest nearby natural stream” so that it can flow away. In fact arrangement II 
would, actually be considerably less efl5cient than that of I because of the losses in the 
additional piping and in the centrifugal pump P. This pump would have to be 
driven by the water wheel. 


atmosphere, which contains an almost unlimited supply of heat, and 
could be converted into work, then it would be possible to derive mechan- 
ical energy without the expenditure of chemical energy, as from a fuel. 
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But, as stipulated by tlae second law — statement (2) above — ^it is impos- 
sible to obtain work from the atmosphere, or from anything else, by cooling 
it below the temperature of the coldest surrounding objects. Now, the 
temperature of the atmosphere is a sort of sea-level of temperature — ^it is 
the temperature to which all bodies either hotter or colder will ultimately 
come if left to themselves. To obtain work from a hydraulic motor 
or waterwheel, there must be a head of water; that is, there must 
be a decrease of altitude down to a lower level. Likewise, to obtain work 
from a heat motor, there must be a fall of temperature and this requires 
a source of heat at a temperature higher than atmospheric. Or, using 
the atmosphere as a heat source, there would be required a refrigerator, 
or cooling medium, at a temperature lower than that of the atmosphere. 
The latter alternative is impossible, for there cannot be found in nature 
any portion of matter which is permanently colder than the atmosphere 
and which can be used as a refrigerator. Hence, it is impossible to obtain 
work from the heat in the atmosphere. 

85. The Conversion Of Heat Energy Into Mechanical 
Energy Can Never Be Complete. — Theoretically, it would be 
possible to completely convert heat energy into mechanical 
energy if a substance were found whose temperature is absolute 
zero (Sec. 61). But since, as stated in the preceding note, no 
substance can be found the temperature of which is perma- 
nently lower than that of the atmosphere, every transformation 
of heat energy into mechanical energy, even though the machine 
is frictionless, will involve a loss due to rejected or degraded heat 
which cannot be transformed into mechanical energy. 

An Example Op This Degraded Heat is the heat in. the exhaust of a 
steam engine, steam turbine, or internal-combustion engine. This 
degraded heat energy is comparable to the potential energy in the water 
which is discarded by a hydraulic motor or waterwheel — the discarded 
water is still about 3,950 miles from the center of the earth and therefore 
still contains a great amount of potential energy. But this energy cannot 
be utilized in a waterwheel because the waterwheel must discard its 
water into a nearby stream. Hence no waterwheel utilizes, or converts 
into useful mechanical energy, all of the potential energy in its water 
supply. 

86. The Conversion Of Mechanical Energy Into Heat 
Energy Usually Is Complete. — Compare this with the opening 
statement of the preceding section. If a brake be applied to a 
turning wheel, all of the mechanical energy (which is consumed 
in overcoming the resistance of the brake) will be transformed 
into heat — which will raise the temperature of the brake, wheel 
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and surrounding objects and air. In fact, the apparatus 
for determining the mechanical equivalent of heat (Figs. 87 
and 88) is based on this principle. This may again, as in the 
preceding section, be likened to the conversion of work into 
potential energy when work is done in lifting water. If 1 lb. 
of water is raised 1 ft. from the surface of the earth, its 
potential energy will be increased by 1 ft.-lb. All of the work 
done on the water adds to its stock of potential energy. 

87. The ‘‘Thermal Capacity” Or “Heat Capacity” Of A 
Substance Is the quantity of heat (number of heat units) that 
under chosen conditions, must be added to or subtracted from 
the substance to change its temperature one degree. In the 
English system, the thermal capacity is the number of British 
thermal units which must be imparted to or abstracted from 
the substance to change its temperature 1® F. The thermal 
capacity of a given substance need not always be the same. It 
depends on the state (Sec. 49) of the substance and often on 
many other things. 

Examples. — I f a gas be heated in a container of given volume, its 
thermal capacity will be different than if the gas is heated in a container 
where it can expand — as when it forces out a piston; see following Sec. 99. 
For solids and liquids the thermal capacity varies slightly with the 
temperature (Sec. 88) but the variation is so small that, in engineering 
work, it is generally neglected. 

88. The “Specific Heat” Or “CoeflScient Of Thermal 
Capacity” Of A Substance is its thermal capacity (Sec. 87) per 
unit mass. It is the number of British thermal units that must 
be imparted to, or abstracted from, each 'pound of the substance 
to change the temperature of the substance 1° F. Just as 
the thermal capacities of different substances depend on the 
conditions under which they are heated or cooled (Sec. 87), 
so do also the specific heats of different substances. Figs- 93 
and 94 show how the specific heats of water, carbon, and iron 
vd^ry with the temperature. The specific heat of a gas may, 
as is explained in Div. 8,»have almost any value depending on 
the conditions under which the gas is heated or cooled. 

Note. — The Exact Definition Of Specific Heat is: The specific 
heat oj a substance, at a given temperature and under given external condi- 
tionSf is the ratio of the thermal capacity per unit mass of this substance, at 
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the given tem'perature and under the given conditions^ to the thermal ca'pacity 
'per unit mass of 'Water under some chosen standard temperature and external 
conditions. If the chosen temperature and pressure for water are 63.5° P. 
and atmospheric pressure, then the thermal capacity of the water per 
unit mass is 1 and the specific heat of the substance becomes numerically 



Fia. 93. — SpecijSc heat of water at Fia. 94. — Specific heats of carbon and 

different temperatures and at satura- iron at different temperatures. (Franklin 

tion pressure. (JVIarks <fe Davis Steam and JMcNutt.) 

Tables . ) 

equal to its thermal capacity per unit mass under the given conditions. 
Thus, a specific-heat value is a ratio. It merely expresses how much heat 
is required to raise the temperature of any weight of the substance by 1® 
as compared with the heat required to raise the temperature of the same 
weight of water by 1°. 

Note. — Specific Heat Value Is Not Properly Nob Necessarily 
Expressible In Any Certain Unit. — ^There is only one specific-heat 
value for a given substance (See Table 90) and given conditions. This 
value holds regardless of what units of weight, temperature, and heat 
measurement are employed. In this respect, a specific heat value for a 
given substance is similar to a specific-gravity value. 

89. Different Substances Have Different Specific Heats. — 
This truth may be verified by dropping two heated balls, one 
of copper and one of iron, each weighing 1 lb., and at the same 
temperature, into two vessels, both of which contain the same 
weight of water, at the same temperature. It will be found 
that the water in the vessel in which the iron ball is dropped 
attains the higher temperature. This shows that a pound of 
iron, at a given temperature, contains more heat than a 
pound of copper at the same temperature. 

Example. — Water has (by definition of the B.t.u., Sec. 77), a specific 
heat of 1.0. It has the greatest specific heat or capacity for heat of any 
common substance. For the specific heats of various substances, see 
Table 90. 
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90. Table Showing Mean Specific Heats Of Substances 
Between The Temperatures Of 32 And 212° F. (These 
values, except those shown for gases, are all at constant atmos- 
pheric pressure.) 


Substance 


Specific 

heat 


Substance 


Specific heat 


Solids: Pure Metals| 


Aluminum 

0.218 

Antimony . 

0.051 

Calcium . . . 

0.170 

Copper .... 

0.093 

Gold 

0.031 

Iron 

0.110 

Lead 

0,031 

Nickel — . 

0.108 

Platinum , 

0.032 

Silver 

0-056 

Tin 

0.055 

Tungsten. 

0.034 

Zinc ...... 

0.094 

Solids- 


ALLOsra 


Bell metal ... . . 

0.086 

Brass, yellow. . . 

, , 0.088 

Brass, red .... . 

0.090 

Bronze . • 

0 , 104 

German silver . . . . 

0095 

Nickel steel 

0-109 

Solder 

0.04to.045| 

Type metal 

. . 0.039 


Marble 0.21 

ParaflBn wax 0.69 

Porcelain 0 . 255 

Sand 0.195 

Wood, Oak 0.57 

Wood, Pine 0.67 

Liquids 

Acetic Acid 0.51 

Alcohol 0.70 

Benzol tr.43 

Ether 0.503 

Gasoline 0.70 

Glycerine 0 . 576 

Kerosene 0.50 

Machine oil 0.40 

Mercury 0 . 033 

Petroleum 0 . 033 

Sulphuric acid . . 0.498 

Turpentine 0 . 472 

Water 1.000 

Molten Metals 

Lead 590®-680®. 0.041 

Tin 460°-660° ... 0 . 058 


Solids: M x s c e l- 

LANEOUS 
Asbestos .... .... 

Ashes 

Brick ■ 

Carbon, coke. . 

Cinders 

Coal 

Concrete ...... 

Cork 

Glass, Normal . . 

Glass, Croton 

Glass, Flint 

Granite 

Ice 

India rubber 

Limestone 


0.20 

0.20 

0.22 

0 203 

0.18 

0.314 


Constant 

Constant 

G AS] J AT 62® P . 

pressure 

volu me 

0.27 

Ail . 

0.238 

0.169 

0.485 


0.217 

0.155 

0.199 

Nitrogen . 

0.247 

0.176 

0 16 

Hydrogen . . 

, 1 3-420 

2.440 

0 12 

Carbon monoxide (CO) . 

0.243 

0.172 

0 195 

Carbon dioxide (CO 2 ).. . 

0.210 

0.160 

0 504 

Sulphur dioxide (SO 2 ).. . 

0.154 

0.123 

0.27 to0-48| 

Ammonia (NHs^ 

. 1 0.523 

0.407 

0 217 

•Steam (averaged 

.! 0.452 

0.347 


* For one condition only. See also Table 394. 
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91. The Formula For Determining The Specific Heat Of A 
Substance On The Basis Of Its Weight And Temperature 
Change follows from the definition of Sec. 88. It is there 
implied that specific heat ~ B.Uu, per pound per degree tern-- 
perature difference. Note, Sec. 93 below, that this applies only 
when there is no change in state. 

(31) C = (specific heat) 

Wherein: C == specific heat of the substance. Q = total heat 
added to the substance, in B.t.u. W = weight of the sub- 
stance, in pounds. Ti = temperature before Q is added, 
in degrees Fahrenheit. T 2 = temperature after Q is added, 
in degrees Fahrenheit. 

^Example . — A certain mixture, weighing 10 lb., requires 7.5 B.t.u. 
to raise its temperature 1® F. What is the specific heat of the mixture? 
SoLUTioisr. — Substituting, For. (31): C = Q fWCTjs — iPi)] = 7.5 
[10X1] — 0.75 = specific heat of the mixture. 

92. The Formula For Computing The Amount Of Heat 
That Must Be Added To A Substance Of Known Specific 
Heat To Increase Its Temperature A Certain Degree Or The 
Heat Which Must Be Abstracted To Cool A Body A Certain 
Degree (when there is no change in state, Sec. 93 below) 
is obtained by transposing For. (31) thus: 

(32) Q = CW(T 2 - Ti) (British thermal units) 

Wherein the symbols have the same meanings as specified 
above. 

Example. — The specific heat of a certain grade of coal is known to be 
0.31. How many B.t.u. of heat will be required to raise the temperature 
of 1.5 lb. of this coal from 61 to 67® F.? Solution-. — Substituting, in 
For (32): Q = CW(F 2 - Ti) == 0.31 X 1.5 X (67 ^ 61) = 2.79 B.t.u. 

93. The Above Formulas Apply Only Where There Is No 
Change Of State (Sec. 49). This refers to Formulas (31) 
and (32). If heat is added to water under atmospheric pres- 
sure, and at a temperature of 212*^ F., it will be found that 
many heat units must be added to change the temperature. 
Water changes into steam — changes its state — at 212° F. 
Much additional heat (Sec. 106) is required to effect the 
change. After water vaporizes into steam, its specific heat 
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changes; see Table 90. Also, after water freezes into ice — 
changes from the liquid to the solid state — ^its specific heat is 
different. In fact, the doctrine just outlined, applies in 
general to all substances, as will be evident from a considera- 
tion of the specific heat values of Tabl6 90. 

94. To Determine The Specific Heats Of Solid Substances, 
The Method Of Mixtures is, ordinarily, the most practicable. 
A special container (Fig. 95) is 
employed to hold the liquid — 
usually water — and the solid while 
they are being mixed. The con- 
tainer is, frequently, nickel plated 
(Sec. 144) or lagged (Fig. 96) with 






.Ml 


Highly Polished^ 

Surface 

Fia. 95. — Simple calorimeter. 



Fi<3. 96.- 


“Calorimeter assembled (^Central 
Scientific Company). 


heat-insulating material (Sec. 114) to minimize the ingress or 
egress of heat during the determination. Such a container is 
called a calorimeter. Since nearly all heat measurements are 
made in calorimeters, heat measurement is often termed 
calorimetry. The formula employed in computing the specific 
heat — its derivation and an explanation are given below — is: 

(33) Ch = (British thermal units) 

Wherein: Oh — the specific heat of the hotter body. Wc = 
the weight of the cooler body, in any weight unit whatsoever. 
Cc = the specific heat of the cooler body; if water is used for 
the cooler body this specific heat will be Tm = the 

final temperature of the mixture, in any temperature unit 
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whatsoever. Tc = the original temperature of the cooler 
body expressed in the same temperature unit as Tm* 'Ws = 
the weight of the hotter body, expressed in the same weight 
unit as Wc- — the original temperature of the hotter 

body, expressed in the same temperature unit as Tm- 

DEBXVATioisr. — In the method of mixtures, the cooler body absorbs 
heat and the hotter body looses heat. Obviously, the amount of heat 
gained by the cooler body must equal the amount of heat lost by the 
hotter body. This must be true since the calorimeter is so constructed 
that no heat can enter or leave it during the determination. Also, it is 
an obvious fact that the originally-cooler body and the originally-hotter 
body must finally attain exactly the same temperature in the calorimeter, 
which temperature is herein designated by Now, from For. (32), 

the heat gained by the cooler body will be: 

(34) Q = Cc^c(Tm To) (British thermal units) 

Also, from For. (32), the heat lost by the hotter body will be: 

(35) Q — ChWh(Tj3: — Tm) (British thermal units) 

Since the heat gained by the cooler body, as expressed by For. (34), 
must equal the heat lost by the hotter body, which is expressed by For. 

(35) , it follows that: 

(36) CcWcCTm - To) - CAWjaiTs - Tm) 

Now, assuming that it is desired to solve for the specific heat of the 
hotter body, by transposing For. (36) there results: 

(37) C^r = -I TmT (specific heat) 

which is the same as For. (33). 

Example. — What is the specific heat of lead ? The lead weighs 3 lb. 
The water in the calorimeter (Fig. 97) weighs 4 lb. The temperature 
of the lead, before immersing in the water was 210° F. The initial tem- 
perature of the water in the calorimeter was 55° F. The maximum 
temperature of the water-lead mixture in the calorimeter, after adding 
the hot lead, is 58.47° P. Solution-. — Substituting in For. (33): ~ 

OcWcCTm - Tc)/'Wj,(Tir - Tm) = [1 X 4(58.47 55)] [3(210 ~~ 

58.47)] = 13.88 ^ 454.59 = 0.031. 

Explanation. — It Is Besireu (Fig. 97) To Determine The Specific 
Heat Of Lead. All that are necessary are: (1) Some pure water. (2) 
Lead shot. (3) Two thermometers. (4) Calorimeter. (5) A method of 
heating the lead. First, pour a known weight of water (say 4 lb.), 
which should be at about room-temperature, into the calorimeter. 
Determine accurately the temperature of this water (say it is 55° F.). 
Now pour the shot into a container, a test tube will do. Then lower the 
test tube and shot (say 3 lb.) into, and permit them to remain in a vessel 
of hot water until the shot become heated to some certain observed 
temperature, say 210° P. 
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I’lQ. 97. — Deterroining specific Iieat 
of lead by the “method of mixtures.” 


Next, the 210° F. shot are poured from, the test tube into the water in 
the calorimeter, which should contain a thermometer- The tempera- 
ture of this water will be observed to increase considerably due to the 
heat flowing from the hot shot into 

the water. Note the maximum f^Calorfmeterr; Thermoweter^-^. 

temperature which the water attains • sst-, coiiorir mfzr-^ ; 

(say it is 58.47° F.). watery, "lecs^ 5a.^6T- | - 

Now, obviously, the temperature J 

of the lead has decreased. The tern- I ^ 

perature of the water has increased. ^ 

Since the weight of the water in the 

calorimeter and its temperature rise 

are known, the B.t.u. of heat im- i-sefm-e f|lH| 

parted to it by the shot may be com- Mixingf Mixing 

puted by applying For. (32). This Fm. 97. — Determining specific beat 
heat in B.t.u. (imparted to the water of lead by the “method of mixtures.” 
by the shot) must be the same amount 

of heat as that which is given up by the lead. Then, since the tem- 
perature in degrees, the weight, and the amount of heat given by 
the lead to the water are known, the specific heat of the lead may be 
determined, readily, by using For. (32) transposed. Study the follow- 
ing solution, of the example above given, in which it is assumed that 
there are no heat losses to the air or to the calorimeter and its insulating 
material. This solution illustrates another slightly different method of 
calculating specific heat. In a practical problem, the heat-loss items 
would require consideration, if accurate results are essential. 

SoLTJTioisr. — By For. (32) the heat imparted to the water = Q = C X 
W(T'2 - Ti) = 1 X 4 (58.47 — 55) = 13.88 B.Lu. Therefore, also the 
heat given up by the lead == 13.88 B.t.u. That is, the heat lost from the 
lead — heat gained by the water. Then, Q = CHWHiTs — Tm) or 
Cjy = Q -f- [Wiy(T^r - Tm)] = 13.88 ^ [3(210 - 58.47)] = 0.031, which 
is the specific heat of lead, as shown in Table 90. 


95. The Effect Of Mixing Two Or More Different Sub- 
stances Of Unequal Temperatures may be understood from a 
further consideration of the principles which have just been 
presented. Thus, if 10 lb. of water at 20° F. is mixed with 
10 lb. of water at 100° F., obviously, the resulting temperature 
of the mixture will be : (20 + 100) 2 = 60° F. However, if 

10 lb- of water at 20° F. is mixed with 10 lb. of copper at 
100° F., the temperature after mixing will not be 60° F. The 
resulting temperature can — if there is no change of state, 
Sec. 93, as a result of the mixing — be computed by using this 
f ormula : 


(38) 


T = 


WiCi Ti 

u 


+ W2C2T2 + W3C3T3 4 - etc. 
-f- -f- W^aCs *4- etc. 


(degrees) 
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Wherein: Wi, W2, W3, etc. == respectively, the weights of 
the different substances of the mixture, in any weight unit 
whatsoever providing all are in the same unit. Ci, C2, C3, etc. 
== respectively, the corresponding specific heats of the differ- 
ent substances. Ti, T2, Ts, etc, = respectively, the cor- 
responding initial temperatures of the different substances, in 
any temperature unit provided all are in the same unit. 
T = the resulting final temperature of the mixture, in the 
same temperature, unit as Ti, T2, T's, etc, 

DBRiVATioisr. — Temperatures as shown by thermometer scales are 
reckoned above an arbitrary datum or “zero.’' Now, by definitions; 
The heat in a substance above the arbitrary zero — Weight X Specific 
heat X Temperature above 0°. That is, using symbols, the heat, Q, in 
a substance above 0° may be expressed by: 


(39) Q = WOT (heat) 

or by transposing For. (39), the temperature, T, of a substance of known 
weight, W, known specific heat, C, and to which has been added a known 
quantity of heat, Q, will be: 

Q __ Quantity of heat above O*' 

WC Weight X Specific heat 


(40) 


T = 


(degrees) 


Now where several different component substances of different specific 
heats and different weights are “mixed" to form one “substance," it 
follows that : 

(41) Q = WiCiTi -{- W2C2T2 -h W3C3T3 + etc, (heat) 

Furthermore, it also follows that for the same several different sub- 
stances ; 

(42) WC — WiCi + W 2 C 2 + W 3 C 3 -f etc. (thermal capacity) 
Hence, substituting Fors. (41) and (42) for their equivalents in For. (40), 
there results: 


iTi + W2C2T2 4 - W3C3T3 + etc. 
-f- W2C2 H- W3C3 -f etc. 


(degrees) 


which is the same as For. (38). 

Example. — If 40 lb. of water at a temperature of 160° F. is mixed 
with 21 lb. of water at 52° F., what is the temperature of the paixture? 
It is assumed that no heat is gained or lost by the vessel in which the 
mixing occurs. Solution. — The specific heat of water is “1." Now 
substitute in For. (38): T = (WiCiTi W2C2T2)/(WiCi + W2C2) 
[(40 XIX 160) + (21 X 1 X 52)] [(40 X 1) + (21 X 1)] = (6,400 + 

1,092) (40 + 21) = 7,492 - 5 - 61 = 122.82° F. 

Example. — A block of wrought iron which weighs 3.25 lb. is heated to 
a temperature of 780° F. This hot iron block is dropped into a copper 
pan, which weighs 2 lb. and which contains 7.8 lb. of water. Both the 
water and the pan are at a temperature of 80° F. What, assuming no 
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loss or gain of heat to or from outside sources^ will be the jEnal tempera- 
ture of the “mixture^'? Solution. — ^A ssume the following specific 
heats; Copper = 0.095. Water = 1. Wrought iron = 0.114. Now 
substitute in For. (38): T = (WiCiT'i -b -b W’ 3 C 3 r 3 )/(WiCi -b 

W 2 C 2 + W 3 C 3 ) = [(3.25 X 0.114 X 780) + (2 X 0.095 X 80) + (7.8 X 

1 X 80)1 [(3.25 X 0.114) 4- (2 X 0.095) -b (7.8 X 1)] =- 111.0° F. 

Example Illustrating How The Temperature Of A Furnace 
May Be Determined By Applying The ^‘Method Op Mixtuieies.'' — 
A block of wrought iron which weighs 1 lb. is placed in a furnace and 
permitted to remain there until it attains the temperature of the furnace. 
It is then removed and placed in a copper bucket which contains exactly 

2 lb. of water at a temperature of 75° F. The copper bucket weighs 

lb. The final temperature of the mixture is 156° F. What was the 
temperature of the furnace? (Assume that none of the water is vapor- 
ized into steam and that there is no exterior loss or gain of heat by the 
bucket.) Solution. — Use the values for specific heats which are given 
in the preceding example. Now transposing For. (38) for Ti there 
results Ti = [^(WiCi -b W 2 C 2 -b W 3 C 3 ) - (W 2 C 2 T 2 4- WzOzTs)yWtOt. 
Now, substituting the values above given in this formula: Ti = [156 X 
(1 X 0.114 4- 0.5 X 0.095 4- 2 X 1)— (0.5 X 0.095 X 75 -b 2 X 1 X 
75)] -5- (1 X 0.114) = [156 X (0.114 4-0.048 4 - 2) - (3.562 4- 150)] ^ 
0.114 =- [156 X 2.162 — 153.562] ^ 0.114 « [337.272 — 153.562] - 5 - 
0.114 == 183.71 -I- 0.114 = 1,613° F., which is the temperature of the 
iron block when it was dropped into the water, and therefore the tem- 
perature of the furnace. 

96. Heat Energy, When Added To A Substance, May Be 
Expended In Three Ways and in only three ways. (The three 
different kinds of heat were already mentioned in Sec. 54, in 
connection with the three possible effects of heat transfer.) 
The heat energy may be expended in doing: (1) Vibration work. 
(2) Disgregation work. (3) External work. All of the heat 
transferred must be expended in one, two, or all three of these 
ways. Likewise, heat energy when abstracted from a substance 
may be the result of vibration work, disgregation work, or 
external work- — any one, two, or all three. Thus, as will be 
shown, the vibration work, disgregation work, and external 
work may be '^positive'' or ‘^negative/" depending on whether 
heat energy is added or abstracted and upon the pressure 
conditions during the transfer of heat. In general, the work 
will be positive when heat energy is added and will be negative 
when heat energy is abstracted. These three kinds of work 
are further explained in following sections. 
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Examples. — ( a) Imagine that a 'piece of ice, tlie temperature of which is 
—60® F. (60® F. below zero) is warmed by the gradual addition of heat. 
The ice is assumed to be heated in a vessel which is open to the atmos- 
phere, Its temperature will rise gradually up to 32® F. During this 
warming, the volume of the ice is increased but slightly. Hence, little 
external work was done by the expansion of the ice against the external 
atmospheric pressure; also, very little work (disgregation work) was done 
in separating the molecules which composed the ice. Therefore, nearly 
all of the added heat is expended as vibration work to increase the tem- 
perature of the ice. 

(h) When the temperature of the ice reaches 32® F. (due to the gradual 
heating), a change may be noted. The temperature of the ice ceases to 
rise as more heat is imparted to it. It is found, however, that the ice 
gradually changes from the solid to the liquid state — ^it melts into water; 
the added heat is expended in disgregation work. During the entire melt- 
ing process, the temperature of the mixture of ice and water remains at 
the temperature of 32® F.; no vibration work has been done. During 
this change of state, the volume of the substance has been changed; 
hence, external work has also been done. How the addition of heat 
changes the '' state'’ is explained in Sec. 98. 

(c) After all the ice has been melted, the further addition of heat will 
again increase the temperature of the substance (now water), which 
requires vibration work. The temperature will increase until it reaches 
212® F. During this interval the volume will again increase but little; 
little disgregation work and little external work is done. Hence, nearly all 
of the heat imparted to the water may be said to be expended in vibration 
work in increasing the temperature of the water as in (a). 

(d) When the temperature of the water reaches 212° F. (due to the con- 
tinued gradual heating) another change is noted. The temperature of 
the water ceases to rise as more heat is imparted to it. It is found, how- 
ever, that the water gradually changes from the liquid to the gaseous 
state — it evaporates into steam. If the enclosing vessel is large enough, 
the steam will be collected above the water surface and its volume will 
be found to rapidly increase forcing out the air which previously occupied 
this space. Finally, all of the water will be evaporated into steam whose 
temperature is 212° F. The volume of the steam will be about 1,600 
times that of the water just before evaporation began. Hence, during 
the change from water at 212® F. to steam at 212° F., the heat which 
was added did two things: (1) It, by the expenditure of disgregation work, 
changed the water into steam. (2) It, by doing external work, drove out 
the air from the enclosing vessel. Hence, the heat was effective in chang- 
ing the state of the substance and in doing external work but it did not 
change the temperature of the substance. [Compare with (5).] 

(e) After the water has all been evaporated into steam, a further gradual 
addition of heat will again do vibration work and thereby increase the 
temperature of the substance (now steam). The volume of the steam 
will at the same time increase quite rapidly and by doing external work 
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force out more air from the containing vessel. The molecules of steam 
are separated somewhat so that, in a sense, there is a change of state — ^an 
expenditure of disgregation work — ^but this change is not as pronounced 
as those in (t) and (d) above. Hence, the addition of heat to the evapo- 
rated steam is active in (1) Doing vihration work in increasing its tem- 
perature. (2) Doing disgregation work in changing its state. (3) Doing 
external work, 

(/) After the steam is heated to some very^high temperature, it will again 
be found that further gradual addition of heat will not increase its tem- 
perature. There is still another change of '‘state.’’ Now the atoms of 
which the steam molecules are composed (hydrogen and ox 3 ^gen atoms) 
will be separated. In other words, the steam will, by the expenditure of 
disgregation work, be dissoqiaied into hydrogen and oxygen. Hence, the 
change may be called a chemical change. The temperature at which 
this dissociation takes place is, however, so high that it is uncommon in 
heat engineering. Furthermore, the study of dissociation is beyond the 
scope of this book and will not be further treated herein. It is mentioned 
here simply to show that there is change of state which even some gaseous 
substances may undergo when heated. 

97, Vibration Work, symbol Wv, is tbe work (which can be 
measured in foot-pounds but is most conveniently measured in 
B.t.u.) which is done by the vibration heat (Sec. 54). It is 
the work which is done by added vibration heat on the mole- 
cules of a substance in increasing their kinetic energy — ^vibra- 
tional velocity — and, thus in increasing the temperature of 
the substance. Or similarly it is the work which is done by 
subtracted vibration heat, in decreasing temperature. Thus, 
when the temperature of a substance is decreased, the mole- 
cules of the substance give up a portion of their kinetic energy 
— hence, negative vibration work is done. Vibration heat 
is, therefore, also called temperature heat, thermometer heat^ 
and sensible heat (because it is the heat which affects the sense 
of touch) . A formula for vibration work may be written thus : 

(44) TTv = 778Qv (foot-pounds) 

Wherein: TTv = the vibration work, in foot-pounds Qv ~ the 
vibration heat, in B.t.u. 778 == the mechanical equivalent of 
heat (Sec. 82). TTy and Qv are both positive when the tem- 
perature of a substance is raised and are both negative when 
the temperature is decreased. 

Example. — A gas is confined in a closed vessel (Fig. 98) which is pro- 
tected (insulated) so that no heat can pass through the walls of the vessel. 
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A wire is led into the vessel and an electric current is passed through the 
wire. A transformation of electric energy into heat energy takes place 
and 50 B.t.u. are given to the gas. If the vessel does not permit the 
gas to expand, how much vibration work is done? 
SoniTTiON. — Since the gas cannot expand, the 
heat energy cannot do disgregation work nor ex- 
ternal work. Hence, the entire 50 B.t.u. is ex- 
pended as vibration work. By For. (44) : the 
vibration work = TFr = 778Qr = 778 X 50 = 
38,900 

Example. — ^As a piece of iron is permitted to 
I ^ cool from 600° P. to 80° F., it is found that 250 
B.t.u. are given up by the iron. How much vibra- 
tion work is done ? . Solutiont. — S ince the tem- 
perature has been reduced, Qv and Wv are both 
negative. Hence, Q ipr = — 250 B.t.u. and, by For. 
= 778 X ( 

Fig. 98 . — gas being ft.-Tb. 

heated in a closed vessel NoTE. ^VlBKATION WOKK On VIBRATION Heat 

where it cannot expand. CaN Be HiRECTLT MeasUREB only when the 

Only vibration work is g-^l^gta,nce which is heated or cooled is so confined 
Clone. ■ . _ . 

that it cannot expand or contract, as in the 
preceding example. With most solids and liquids, however, the expan- 
sion or contraction due to heating or cooling is, in any case, so small that 
only a negligible error results by assuming that all heat added or 
abstracted is effective as vibration heat. Hence, for solids and liquids 
when no change of state occurs, it is practically true that heat added — 
vibration heat. For methods of accurately determining vibration heat, 
see Sec. 102, 
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98. Disgregation Work, symbol Wd, is the work which is 
done by the disgregation heat (Sec. 54). It is the work which 
is done by added heat on the molecules of a substance in over- 
coming their mutual attractive forces — ^in increasing their 
potential energy by separating them — and, thus, in changing 
the state (Sec. 49) of the substance; this is called ^^positive^^ 
disgregation work. When heat is given up by a substance 
during a change of state, this heat is always the result of the 
work done by the molecules of the substance in drawing each 
other closer together — ^in doing “ negative disgregation work. 
A. formula for disgregation work follows : 

(45) Wn — 778 Qd (foot-pounds) 

Wherein: Wd — the disgregation work, in foot-pounds. Qn 
= the disgregation heat, in B.t.u. 778 = the mechanical 
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equivalent of heat (Sec. 82). Wn and Qi> are both positive 
when the state is changed from solid to liquid or liquid to 
gaseous. They are both negative when the state is changed 
from liquid to solid or gaseous to liquid. 

ExampiaE. ^Assume th.at "tliere was a liquid, wliich did not expand nor 
contract in freezing, (Actually, all liquids do either one or the other.) 
Imagine further that it takes 100 B.t.u. to melt 1 lb. of this substance 
from the solid to the liquid state 
(Fig. 99). How much disgregation 
work is done in melting 1 lb. of this 
substance? Solution.— Since the 

temperature of a substance does not 
change during the melting, no vibra- 
tion work is done. Also, since the 
substance does not expand or con- 
tract, no external w-ork is done. 

Hence, the entire 100 B.t.u. is effec- 
tive in doing disgregation work. By 
For. (45) : the disgregation work ~ TFz> Fio. 99. — Melting i ib. of a substance. 
^77SQd^ 778 X 100 -77,800/^.46. 

Example. — How much disgregation work is done in freezing 1 lb. of 
the substance of the preceding example? Solution, — During freezing, 
Qi> and Wjd are both negative. Hence, Qx> “ —100 B.t.u., and by For, 

(45) : TFn - 778Qi> - 778 X (~100) - -77,800/^.46. 

Note. — ^The Disgregation Work Or Disgregation Heat Can Be 
Measured Directly only if the heated substance does not expand or 
contract during a change of state. In practically all cases, the disgrega- 
tion work or disgregation heat is not measured directly but is computed, 
as will be explained, from other heat measurements. 

99. External Work, symbol is the work (usually mea- 
sured most conveniently in foot-pounds) which is done by the 
external-work heat (Sec. 54). It is the work done by the 
substance in expanding (Fig. 86) against restricting forces; 
if a body is heated in the atmosphere then the restricting 
forces are those which are imposed on the body by the atmos- 
pheric pressure — ^the body must push away the atmosphere. 
It thus does positive'^ external work. If, however, during a 
heat transfer the volume of the body is decreased, then the 
external forces help to heat the body and '^negative’' external 
work is done. A formula for external work follows : 

(46) We ^ 77SQe (foot-pounds) 

Wherein: We = the external work done, in foot-pounds. 
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I'la. 100. — Heating a gas and main- 
taining a constant temperature. 


a= the external- work heat, in B.t.u. 778 = the mechani- 
cal equivalent of heat (Sec. 82). and Qe are both positive 

when the volume of the substance is increased; they are both 
negative when the volume is decreased. 

Example. — Assume that a cylinder (Eig. 100) contains 1 cu. ft. of gas 
at a certain temperature and pressure and that the cylinder is fitted with 

a piston. Assume, further, that heat 
is supplied to the gas and the piston 
is permitted to move out of the cylin- 
der at such a rate that the tempera- 
ture of the gas does not change. It 
may here he assumed (it is proved in 
Sec. 258) that for a gas the disgrega- 
tion work is zero. If 10 B.t.u. are 
imparted to the gas, how much ex- 
ternal work does the gas do in push- 
ing out the piston? Solution. — 
Since the temperature remains con- 
stant, no vibration work is done and 
since, as stated in the example, no 
disgregation work is done, all of the 
imparted heat must be external work 
heat. Hence, by For. (46) : the external 
work = Wb ^ 77SQb = 778 X 10 7,780 ftAb. 

Note. — External Work Is (As Further Explained In Following 
Sec. 263) Usually Determined From The Pressure-volume Rela- 
tions During The Addition Of Heat, — If the body is subjected to a 
constant pressure during the heating, then (see Sec. 263 for the derivation 
of this formula) : 

(47) External work = pressure X change m volume 
Or, expressing the same thing with symbols : 

(48) We - P X (Fa - Fi) (ft.-lb.) 

Wherein: TF^ = the external work, in foot-pounds. P 
pounds per square foot. Fg and Fi 
— the final and initial voluihes, re- 
spectively, of the body, in cubic feet. 

If, during the heating, the pressure 
is not constant, then 

(49) External work == average pressure 

X change in volume (ft.-lb.) 

Or, the external work may be found 
directly from a pressure- volume dia- 
gram as explained in Sec. 262. 

Example. — The weight TF (Fig. 101) weighs 10 lb. The distance, Z/, 
through which the weight has been lifted by the expansion of the copper 


pressure, in 
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rod, is 0.02 in. Therefore, the work done — the energy expended — by the 
external heat which has manifested itself in expanding the rod — 10 X 
0.02 = 0.2 in.-lb. 


100. If The Quantity Of Heat Which Is Transformed Into 
Mechanical Energy By The Expansion Of A Solid Or Liquid 
Were Restrained From Such Transformation, the heat would 
then expend its energy solely in raising the temperature. 
Thus it would manifest itself solely as vibration or sensible 
heat — ^instead of as external-work heat as in Fig. 101. 


ExPLA]srATi03sr. — Imagine an iron rod (Fig. 102) to be encased in a 
massive steel die, and to be heated by an electric current. The rod would 


tend to expand. But expansion 
would be prevented, in all direc- 
tions, by the steel die. Hence, no 
external (mechanical) work could 
dr would be done. No external- 
work heat could be expended. 
But the heat which would be 
transformed into mechanical work, 
if the rod were free to expand, 
would, nevertheless, manifest itself 
as vibration work in raising the 
temperature of the constrained 
rod. Hence, the temperature of 
this embedded rod would be 
higher than it would be if the rod 



Fia. 102. — Imaginary construction of 
steel dies for preventing expansion of 
iron rod. 

were free to expand. 


101. The Fundamental Heat Transfer Equation is merely 
a formula expressing the facts of Sec. 54. It may be written : 

(50) Q = Qf + Qn + Qi? (British thermal units) 

Wherein: Q = the total heat transfer, in British thermal units. 
Qv = change in vibration heat, in British thermal units. 
Qi> = change in disgregation heat, in British thermal units. 
Qb = external-work heat, in British thermal units. 

If the heat effects are to be expressed in foot-pounds it 
follows that, since 1 BJ.u. == 778 fL-lb, (Sec. 82), the formula 
will become: 


(51) Q = + lFz> + Wb) (British thermal units) 

Example. — A certain weight of a certain liquid substance is changed, 
by heating, into a vapor, at an increased temperature. To effect the 
change it is found that: 140 B.t.u. is expended in the external work 
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whicli is done by the substance, during the process, due to the increased 
volume of the substance; 360 B.t.u. is expended in raising the temperature 
of the substance; 1,800 B.t.u. is expended in changing the state of the 
substance from a liquid to a gas. What total amount of heat must be 
transferred to the substance to effect the change? SonuTioivr. — Sub- 
stituting in For, (60): = Qy Qi> -f- — 360 -1- 1,800 140 — 

2,300 B.t.u, = Total heat transferred. 

ExAMpnn. — It is found, by experiment, to require 1,150.4 B.t.u. to 
raise the temperature of 1 lb. of water from 32® F. to 212® F. and evapo- 
rate it into steam when all of the heating is done in an open vessel (atmos- 
pheric pressure). The final volume of the evaporated steam is 26.79 cu. 
ft. The initial volume of the water at 32® F. was approximately 0.016 cu. 
ft. What is the vibration heat, disgregation heat, and external-work 
heat? Solution. — By definition of the British thermal unit, 180 B.t.u. 
are required to raise the temperature from 32® F. to 212® F. By the 
example under Sec. 96, this may be taken as vihration heat. By For. 
(48): WjB - P X (^2 - Fi) = (14.7 X 144) X (26.79 - 0.016) = 56,650 
ft. -lb. Now, by For. (46), transposed: the external-work heat = Qjgr = 
TF^/778 = 56,650 778 = 72.8 B.t.u. Also, by transposing For. (60) : 

Qi> « Q — (Qv -h = 1,150.5 — (180 4* 72.8) = 897.6 B.t.u. -- dis- 
gregation heat. 

102. How The Heat Energy Does Work When A Solid 
Body Is Heated. — A solid body expands but little ; the disgrega- 
tion and external works are therefore small. When the vibra- 
tion work is being considered, the disgregation work and the 
external work may ordinarily be neglected. When a solid 
body is heated, as for example a piece of iron, it is therefore, 
generally assumed that all of the heat is used- in raising the 
temperature. Or, when a solid is heated: 

(52) Q = Qv (very nearly) (British thermal units) 

103. HoW The Heat Energy Does Work When A SoHd Is 
Melted To The Liquid State. — During the melting of a solid 
body there is no change in its temperature; hence, no vibration 
work is done during the melting. Furthermore, when a 
body melts there is usually only a very small change in volume 
although some bodies expand and others contract as they melt. 
Hence, very little external work is usually done by the body 
in melting. Nearly all of the added heat is used in doing 
disgregation work — in overcoming the mutual attractive 
forces between the molecules and giving them the freedom 
which they have in the liquid state. Therefore, if the small 
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amount of external work is neglectedy all of the added heat 
(the latent heat of melting, Sec. 106) is effective in doing 
disgregation work ; or, expressed as a formula : 

(53) Q “ Q 2 > (very nearly) (British thermal units) 

Note. — A Liquid Is Heated, the conditions are almost the same 
as when a solid is heated — expansion is very small, usually, and the 
disgregation and external works may ordinarily be neglected when the 
vibration work is being considered. Hence, For. (52) applies equally 
well to the heating of solids and liquids. 

104. How The Heat Energy Does Work When A Liquid Is 
Vaporized, — As there is no change in temperature while a 
liquid is being vaporized, no vibration work is done. Now 
during vaporization the volume of the substance is increased 
many fold; therefore a considerable quantity of external work 
is done. However, by far the greater fraction of the latent 
heat of vaporization is used in doing disgregation work — in 
separating the molecules against their mutual attractive 
forces. During vaporization, therefore, 

(54) Q = Qr, + Qje? (British thermal units) 

105. How The Heat Energy Does Work When A Gas Is 
Heated. — In a gas the molecules are so far apart in comparison 
to their own size that the attraction of one for the other is so 
small that it is inappreciabje. Hence, practically no work is 
necessary to separate them farther. Therefore the disgrega- 
tion work is zero and the formula becomes : 

(55) Q = Qv + (British thermal units) 

Note. — The Relative Magnitudes Op The Vibration And Exter- 
nal-work Heats Depends On the conditions under which the gas is 
heated, this is further explained in Div. 8. Suppose that the air in a 
cylinder is being heated (Fig- 100). The piston may be held in one position 
during the heating; then no external work will be done and Qe will be 
zero (because the air cannot expand and do external work) and all of 
the heat must then go toward raising the temperature. Or, the piston 
may be raised by an external force at such a rate that the temperature 
will decrease, due to expansion, just as fast as it tends to rise due to the 
heating; under such conditions the temperature will remain constant 
(Qv =0) and all of the heat will be expended in doing external work. 

106. Latent Heat is the heat energy which is required to 
produce changes in the physical state (Sec. 49) of a substance — 
to change it from solid to liquid, fi’om liquid to gas, or the 
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reverse of either. Thus, the change of physical state may be 
either a melting, freezing, vaporization (evaporation), or con- 
densation. During melting and vaporization, heat must be 
supplied to the substance; during freezing and condensation 
heat must be abstracted from it. Furthermore, the amount 
of heat which must be supplied during the melting of a given 
weight of a substance is the same as that which must be 
abstracted while it freezes under the same conditions. The 
amount of latent heat required for melting or freezing is 
called the latent heat of melting or the latent heat of fusion. 
Likewise, during the vaporization of a certain weight of a 
substance the same amount of heat must be supplied as must 
be abstracted from it in condensing it. The amount of heat 
which must be transferred to or from a substance during its 
vaporization or condensation is called the latent heat of vaporiza- 
tion or the latent heat of evaporation. 

Note. — The Latent Heat Is The Sum Op The Disqebgation And 
Externa3>wobk Heats. — This follows from the fact that, during a 
change of state (under constant pressure), the temperature of a substance 
does not change. Hence, no vibration heat is necessary to effect the 
change and 

(56) Qjc, = Qz) +* Qjs (British thermal units) 

Wherein : — the latent heat of the substance, in British thermal units. 

Qj) — the disgregation heat during a constant-pressure change of state, 
in British thermal units. Qjsr = the --external-work heat during the 
constant-pressure change of state, in British thermal units. 

Explanation. — Suppose a solid substance, as an ingot of lead, is 
heated until its temperature rises exactly to the melting point. The 
heat absorbed by the substance up to this point increases the motion of 
the molecules and is called (Sec. 54) vibration or sensible heat. 

How, if more heat be added to the ingot, it will instantly begin to melt. 
But its temperature will not rise. The heat energy which is now absorbed 
by the ingot is expended entirely in the work of melting — in transforming 
the molecular structure from the solid to the liquid state. It is disgrega- 
tion heat. None of the heat is available for raising the temperature 
while the work of melting is going on — it is all used in separating the 
molecules. Hence the temperature will continue constant until the ingot 
is wholly melted. But at the exact instant when the melting is complete, 
the temperature of the molten lead will, if the heating still continues, 
begin to rise. The heat which was absorbed by the lead while its tem- 
perature remained stationary is its latent heat of melting. The latent 
heat of melting is further explained in Sec. 289 and the latent heat of 
vaporization in Sec. 322. 
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Example. — What is the latent heat of vaporization of 1 lb. of water at 
atmospheric pressure? Solution. — ^By the example under Sec. 101, 
Qi> = 897.6 B.t.u. and Qs = 72.8 B.t.u, Hence, by For. (50): ike 
latent heat = Ql == Qn + Qe = 897.6 + 72.8 = 970.4 Bl.u. 

Note. — Latent Heat May Exist Within A Heateu Substance, 
Even When There Is No Outwarb Manifestation Of A Physical 
Change in the substance. The latent heat present in such cases will not, 
however, manifest itself until a change in state occurs. Thus, water at 
ordinary atmospheric temperatures contains its latent heat of melting 
but this latent heat does not manifest itself (show its presence) until the 
water is cooled to the freezing point and begins to solidify or freeze. 

107. Internal Heat” Or ‘‘Intrinsic Heat” is the heat 
energy which is expended in doing work on the mole^cnles 
both in increasing their vibrational velocity — akinetic heat 
energy — ^and in separating them against their forces of mutual 
attraction — increasing their potential heat energy (Sec. 52). 
It is the heat inside the substance. It does not include the 
heat energy which is expended in separating the molecules 
against external forces — ^in doing external work. Hence, 
during any heat transfer to or from a substance, the change in 
internal heat: 

(57) Qj = Qy + Qjd (British thermal units) 

(58) Q = Qi- 4- (British thermal units) 

Wherein: Qj = the change in internal heat, in British thermal 
units. Qjr = the change in vibration heat, in British thermal 
units. Qz> = the change in disgregation heat, in British thermal 
units. Q = the total heat transfer, in British thermal units. 
Qs = the change in external-work heat, in British thermal units. 

Example. — How much internal heat is expended in changing 1 lb. of 
water from the liquid state at 32° F. to the steam state at 212° F. ? 
Solution. — By the example under Sec. 101, Qv — 180 B.t.u. and Qn =» 
897.6 B.t.u. Hence, by For. (57): the change in internal heat = Qj — 
Qy + Qb = ISO -h 897.6 == 1,077.6 B.t.u. 

108. The Total Heat Of A Substance, or as it is often termed, 
the total associated heat, is, strictly speaking, the total heat 
energy, in the substance above the absolute zero of tempera- 
ture. Actually, in practice, total heat” is, unless otherwise 
specified, taken to mean the total heat in the substance above 
some arbitrarily -chosen convenient reference temperature. 

Note. — With present means for making heat determinations it is 
impossible to definitely comnute the total-heat contents of substances 
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from absolute zero. Hence, it is necessary to regard some convenient 
degree of temperature and state as the **zero/^ datum point or basis for 
heat computations. In dealing with water and steam, the heat energy of 
water (in liquid form) at 32'^ F. is generally taken as the arbitrary zero of 
heat energy (see also See. 365). This procedure works no hardship since 
we are usually, in practice, interested in the amount of heat which is 
transferred to or from a substance, rather than in the total amount of 
heat which it contains above absolute zero. 

Example. — W hat is the total heat of 1 lb. of water at 100° F? at 
212° F.? Of 1 lb. of steam at 212° F.? Solution. — By Fcr. (32), for 
water heated from 32° F. (the datum point) to 100° F., the total heat = 
Q = CW(T 2 — Ti) = 1 X 1 X (100 - 32) = 68 B.tu. Likewise, for 
water at 212° F., the total heat = 1 X 1 X (212 — 32) = 180 B.t.u, As 
given In the example under Sec. 101, for steam at 212° F., the total heat — 
1,150.4 BLu, 


QUESTIONS OH BIVISIOH 4 

1. What properties of a substance determine the amount of beat energy that the 
substance contains? 

2. What was the ancient philosophers* theory of the nature of heat? 

3. What is the unit that is used in English-speaking countries for measuring quanti- 
ties of heat? Give its definition. 

4. Give the formula for computing the quantity of heat necessary for raising the 
temperature of water by a specified amount. 

5. What is a small calorie? A large calorie? How are they related in size to the 
British thermal unit? 

6. State the first law of thermodynamics. Is a British thermal unit the equivalent 
of any certain number of foot-pounds? If so» what is the number and what is it called? 

7. Draw a sketch of the apparatus and explain how the mechanical equivalent of the 
British thermal unit is determined. Do the same for an electrical method. 

8. State the second law of thermodynamics. What is the most important conse- 
quence of this law? 

9. Can you give a hydraulic interpretation of the second law? 

10. Can the conversion of heat energy into mechanical energy ever be complete? 
Explain fully and give a hydraulic analogy. 

11. Is the conversion of mechanical energy into heat energy ever complete? Give 
an example and a hydraulic analogy. 

12. What is meant by the thermal capacity of a substance? Is it always the same 
for a given substance? Give examples. 

13. What is meant by the specific heat of a substance? How does it differ from 
chermal capacity? What is another name for the specific heat? 

14. Have all substances the same specific heat? Explain as fully as you can and give 
some numerical values. 

16. How can the specific heat of a substance be determined? Give the formula. 

16. How would you determine how much heat must be added to a substance of 
known specific heat in order to raise its temperature a given amount? Give the formula. 

17. Draw a sketch and describe the method of finding the specific heat of a substance 
by the method of mixtures. 

18. In what three ways may heat energy, when added to a substance, be expended? 
Explain the effects of the heat energy that is added in raising the temperature of ice 
from below the freezing temperature to a very high temperature. 

19. What is meant by vibration work? What is the heat called that is effective in 
doing vibration work? Give an example of vibration work and give the formula. When 
and how is it measured directly? 
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20. "What is meant by disgregation workf Th.e beat wbicb does disgregation work: is 
how termed? Give an example of beat doing disgregation work. Give the formula. 
How is diagregation work measured? 

21. W^bat is meant by ext&mal tuoThf Tbe beat wbicb does external work is bow 
termed? Give tbe formula for external work. How is it generally measTired? Give 
an example of beat doing external work. 

22. State tbe fundamental beat~transfer oQuation. Upon wbat is it based? Give 
an example of its application. 

23. How does heat energy do work when a solid body is heated? Hxplain. 

24. How does heat energy do work when a solid is melted? Bxplain. 

26. How does beat energy do work when a liquid is heated? Explain. 

26. How does heat energy do work when a liquid is vaporized? Explain. 

27. How does heat energy do work when a gas is heated? Explain. What are tbe 
relative magnitudes of the two kinds of work? 

28. What is the meaning of the term latent heat? JLatent head of meltingf Of fusion f 
Of vaporization? What two kinds of work are done by the latent beat? 

29. What is the meaning of internal heat? What is another name for it? Wbat two 
kinds of work are done by the internal heat? 

30. Wbat is meant by tbe total heat of a substance? Why is the total heat not usu- 
ally used in engineering calculations? What is used instead? 


PROBLEMS ON DIVISION 4 

1. A bucket containing water is placed over a fire for heating. The temperature of 
the water is 65® E. Its weight is 35 lb. How much heat must be added to it to raise its 
temperature to the boiling point which is 212® P.? 

2. Wbat would be tbe temperature of 8 lb. of water which had an original tempera- 
ture of 60® P , after 265 B.t.u. of beat has been added to it? 

3. A boiler in a heating system is known to be 50 per cent, efficient. The boiler is 
refilled with water at a temperature of 65° P. After burning the coal which liberates 
50,000 B.t.u., the water has a temperature of 210° P. What is tbe weight of the water 
in the boiler? 

4. After a certain time, the temperature of 15 liters of water, contained in a closed 
vessel, is found to be decreased 35® C. How many large calories of heat have been lost? 
How many B.t.u.? (A liter of water weighs one kilogram.) 

5. In a certain power plant, it is found by test that an engine is delivering, as avail- 
able work, 12 per cent, of the heat in the coal which is burned If 17 lb. of coal are 
burned in one hour, what is the amount of energy delivered by the engine per hour? 
What horsepower is the engine delivering? (Assume that the coal contains 14,000 
B.t.u. per lb.) 

6. In a specific-heat determination, 8.75 B.t.u. are added to 4.5 lb. of nickel. It is 
found that the nickel temperature increases from 65 to 83° P. What is the specific heat 
of the nickel? 

7. A soft-steel plate which weighs 75 lb. is heated from SO to 1500° P. Assuming 
that the mean specific heat of the steel is 0.115, how many B.t.u. are necessary to effect 
this increase in temperature? 

8. Assuming that the specific heat of cast iron is 0.119, how many foot-pounds of 
energy are required to heat a 125-lb. iron casting from 40 to ISO® F.? 

9. In a certain boiler furnace, it is known that for each pound of coal burned, 30 
lb. of air are supplied. This air must be heated from 65® F., and passes up the stack 
at a temperature of 565® F. Assuming that the specific heat of air for this temperature 
range is 0.24, calculate the B.t.u. necessary to heat the air for each pound of coal which 
is burned. 

10. A 6-lb. iron casting has been heated in a furnace to a temperature of 2,300® F. 
It is dropped into a bucket which contains 5 gal. of water at 50° F. What will be the 
temperature of the water in tbe bucket? (Assume that the specific heat of the iron is 
0.119 and that 1. gal. of water weighs 8 3 lb.) 
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11 . If 16 lb. of water at 40*^ JP'. is mixed witb 10 lb. of water at 110® F.t what will be 
tlio temperature of the resulting mixture? 

12 . A 12-lb. iron ball is heated to a temperature of 212° F. It is then dropped into 
8 lb. of water at 35° F. The water temperature rises to 60° F. Compute the specific 
heat of the iron. 

13 . In Prob. 1, how much vibration woric, in foot-pounds, is done? 

14 . If it takes 10.5 B.t.u. to melt 1 lb. of lead at its melting point of 626° F., how much 
diflgregation work, in foot-pounds, is don© on each pound of lead during the melting 
process? 

16 . Water, when under a pressure of 100 lb. per sq. in. abs., boils at 327.8° F. and, 
at that temperature, 1 lb. occupies a volume of 0.0177 cu. ft. When evaporated into 
steam at the same pressure and temperature, it occupies 4.429 cu. ft. Kow much 
external work is done in the vaporization process? 

16 . If, when water is evaporated under a pressure of 100 lb. per sq. in, abs. (as in 

Prob. 15), 806-6 B.t.u. of disgregation heat are required, what is the latent heat of 
vaporization? * 

17 . How much vibration heat is required to raise the temperature of 1 lb. of water 
from 32° F. to 327.8° F. if the specific heat of the water is 1? 

18 . Using the results of preceding problems, compute how much more internal energy 
there is in 1 lb. of steam at 100 lb. per sq. in. abs. than in 1 lb. of water at 32° F. 

19 . Using the results of preceding problems, comnute the total heat of 1 lb. of steam 
at 100 lb. per sq. in. aba. 



DIVISION 5 
TRANSFER OP HEAT 

109. Heat May Be Traasferred. — If one end of a copper 
wire is heated, some of the heat will travel through the wire. 
Shortly the other end will be hot. Heated air, from the 
furnace in the basement of a dwelling, flows (See. 137) through 
ducts and registers into the rooms above and produces an 
agreeable warmth on wintry days. In cold weather the house 
cat curls up in front of the open fireplace in order to feel the 
heat which emanates from the fire. 

110. Heat Is Transferred In Three Different Ways. — (1) 
By conduction. (2) By convection. (3) By radiation. Heat 
transfer from one body to another may occur simultaneously 
by one, two, or all three of these methods. 

111. Heat Conduction Is Transfer Of Heat Through The 
Molecules Of A Substance. — ^Heat has been shown (Sec. 52) 
to be a vibratory motion of the molecules. When heat is 
added to any part of a body, as to one end of a copper bar, the 
molecules in that part vibrate more rapidly. This causes 
them to strike violently against the molecules in the cooler 
part immediately adjacent. The rapidity of the vibration 
among the molecules in this part is thereby also increased, and 
the part becomes heated. These molecules, in turn, strike 
violently against the molecules in the cooler part next farther 
away from where the heat is added initially. Thus, by suc- 
cessively transmitting the increased speed of vibration, the 
molecules conduct the heat to remote parts of the body, as to 
the opposite end of the copper bar. 

Note. — Conduction Op Heat Occurs More Or Less In All 
Substances. — In no case, however, will conduction cause that part of a 
body {A, Fig. 103) which is farthest from the source of heat, H, to acquire 
as high a temperature as the part, B, which receives the heat directly. In 
fact (Sec. 55) there must be a temperature difference — or thermal pres- 
sure — between one point and another point, to which heat is conducted, to 
effect the conduction. 
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112. There Are Two Modes Or Forms Of Condnctioii. — 

(1) Internal conduction, whereby heat is transmitted from 
molecule to molecule within a body. (2) External conduction, 
whereby heat is transmitted from the molecules of one body 
to the molecules of another body, when the two bodies are in 
contact. 

Examples. — When, the entwined ends of the metal rods {B, Fig. 103) 
are heated by the flame, H, the free ends A and A of the rods, dne to 



Fm, 103. — The copper wire, which is a good conductor, transmits the heat more rapidly 

than does the steel wire. 

internal conduction, likewise become heated. As the metal rods (Fig. 
103) become heated, some of the heat is absorbed, due to external con- 
duction, by the bits of wax which bond the lead balls to the rods. This 
causes the wax to melt, thus releasing the lead balls. 

The iron boiler tube (Fig. 104) absorbs heat from the hot gases. The 
heat flows, due to internal conduction, from the outer to the inner 



Fio. 104. — Heat conducted through the boiler tube from the hot gases to the water. 

surface of the tube. It passes thence, due to external conduction, to 
the water which is in contact with the tube. 

113. The Factors Which Determine The Total Transfer Of 
Heat By Conduction through a substance are these: (1) The 
nature of the substance. (2) Its cross-sectional area. (3) The 
thermal pressure or temperature difference. (4) The length of 
time during which the flow occurs. (5) The length of the heat 
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path through th^ suhstauce^ Each, of these factors is discussed 
further in succeeding sections. 

114. The Nature Of A Substance Affects Its Ability To 
Conduct Heat. — That is^ the molecules of some substances 
transmit the heat-energy motion, from one to another, more 
effectively than do the molecules of certain other substances. 


Examples. — Metals are good beat conductors. Liquids (Fig. 105) 
are poor conductors. Air (Figs. 106 and 107) and other gases are very 
poor conductors. A perfect vacuum would 


not conduct at all because there would be 
no molecules in it to transmit the heat- 
energy motion. Some solids, such as wood 
and cork are poor conductors. Wooden 




'Dead- \ Hof law Cloiss-' 
Air ; rVri-e; 

Spoice ' ■ Inside 


Fig. 105. 


Fig. 106. 


Fiq, 105. — Showing that water is a poor conductor of heat. (Although the water 
film at the surface is boiling, all four thermometers Fi, Tt, To. and read practically the 
same temperature.) 

Fig. 106. — Sectional elevation of typical “thermos*' flask. 


heat insulators (Fig. 108) are sometimes interposed in metallic tea-pot 
handles to prevent the hand-hold from becoming unduly heated. Cork 
linings and dead-air spaces are arranged in cold-storage-room walls (see 
Sec. 619) to minimize the loss of heat through them. 

Note. — Air Is An" Importan-t Heat Insulating Material.. — Any 
material or structure, which is composed largely of pockets of non- 
circulating air, provides good heat insulation. Hence, feathers, fur, felt, 
cork, magnesia and cellular asbestos are all good heat insulators. Like- 
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wise a blanket of fresbly fallen snow protects both, tlie vegetation and the 
ground upon which it falls from freezing. 

Note. — ^The Fireeess Cooker (Fig. 109) provides a good example of 
the utilization of the poor heat-conducting properties of certain materials. 



Fig. 107. — Sortie thermos bottles and containers. (See preceding illustration. The 
dead air space is a very poor heat conductor. The vacuum chamber is almost opaque 
to heatlflow. The mirrored surfaces minimize heat radiation.) 


Ebony Ins^ton, 



Light Sheet Heavy Sheef 
Clamping \ Alummum Aluminum-, j 
iiHasp V Lining.^ 


Shell 



Za-n;ster 
Cc:.ta:r:'~:g He .si 


Eyebolt for Hooking ‘ Heat Insulating ? 
Out Heat Pzservolr-’ /iaterial 


Fio. 109. 


Fig. 108. — Heat “insulators” in metallic tea-pot handle. 

Fig. 109. — A fireless cooker — food in cannister V, is heated on a stove to cooking 
temperature. Disc. E, is likewise heated to a relatively high temperature. and F are 
then inserted in cooker. Lid L is closed and clamped. Insulation minimizes loss of 
heat. Heat retained in cooking shell, C, is absorbed by the food. Thus the food is 
cooked to completion without further attention or heating. 


115. The Amount Of Heat Which Will Be Transmitted 
Through Substances By Conduction Varies Directly As Their 
Cross-sectional Areas, other conditions being the same. 
The area is always taken at right angles to the direction of 
heat flow. 






Pia. 110. — Difference of pressure causes water to flow through pipe line. (Drop of 
pressure from A to JET is indicated by decreasing heights of fountains. The drop of 
pressure is caused by friction.) 



Fig. 111. — Difference in temperature causes heat to flow through iron bar- (Drop of 
temperature from .A to .E7 is indicated by decreasing heights of thermometer mercury 
columns. The drop in temperature is due to thermal resistance. In the above dia- 
gram it is assumed that no heat is lost from A.E by radiation. All is conducted from the 
flame through and past E to a colder body.) 

kydraulic pressure (Fig- 110) to cause water to flow in a pipe 
and a difference of electric pressure (voltage) to force electric- 
ity to flow in a wire, so there must be a difference of thermal 
pressure — or temperature — to cause heat (Fig. Ill) to flow in 
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a substance. The flow is always from a point of higher to one 
of lower temperature. 

Exam PM. — ^Assume that, in Fig. Ill, the temperature at B is 85° F. 
and that at C is 80° F. Then, the heat flow from A to B would be pro- 
portional to: 85 — 80 — 5° F. = thermal pressure — temperature differ- 
ence. Suppose that, with this thermal pressure of 5° F., the heat flow 
from to C is 50 B.t.u. per min. Now, if the temperature at B were 
increased to 90° and that at C remained at 80°, the thermal pressure would 
then be 90 80 = 10°. Hence, with the thermal pressure thus doubled, 

the heat flow would also be doubled and would now be: 2 X 50 = 
100 B.t.u. per min. 

117 . Heat-flow By Conduction Between Two Points In A 
Substance Varies Directly As The Length Of Time During 
Which The Flow Occurs, other conditions being the same. 
The greater the elapsed time the greater will be the total 
amount of heat which is transferred. 

Example. — If 40,000 B.t.u. flow from the outside to the inside of a 
cold-storage chamber in 1 hr., then, in 2 hr. twice the heat or, 2 X 
40,000 = 80,000 B.t.u. will be transferred, it being assumed that tem- 
perature and all other conditions are the same in both cases. 

118 . Heat-flow By Conduction Between Two Points In A 
Substance Varies Inversely As The Length Or Distance 
Between The Points, other conditions being the same. 
The ideal condition, of no loss of heat from the substance by 
either radiation or convection, is here assumed. The greater 
the distance the less will be the flow, other conditions being 
equal. 

Example. — If in Fig, 111 with a temperature difference of 10° F. 
between A and C, the heat flow between A and C is 600 B.t.u. per min.^ 
then between A and which is twice the distance a 10° difference would 
force only 600 ~ 2 == 300 B.t.u. per min. 

119 . “Thermal Conductance’’ is a term used to signify the 
ease or readiness with which a substance conducts heat. 
Conductance is, in a sense, the opposite (actually it is the 
reciprocal) of thermal resistance, which is defined in Sec, 129, 
The greater the conductance of a substance the more readily 
will it transfer heat by conduction. All substances do not 
conduct heat with equal facility. 

Examples. — The conductance of some substances, as silver (see Table 
125) is very high. That of others, as asbestos, is very low. The former 
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are called good heat conductors. The latter are called poor heat conductors 
or heat insulators. The copper rod of Fig. 103 is a good conductor. The 
steel rod is, hy comparison, a poor conductor. Therefore, the heat travels 



Fia. 112. — Gas burning below a 
copper-wire-gauze screen. The gauze 
conducts the heat away from the 
flame, thus extinguishing the flame 
before it can pass through the gauze. 



Fia. 113. — Gas brirning above 
iron-wire gauze. 




Fig. 115. — Miners’ safety lamps of 
Fio. 114.— Wire gau^e primitive Davy aad Clanny types, 

hot flame from touching the glass. It pnmiT.iv« 

distributes the heat, hence the glass 
flask does not break. 

more rapidly through the copper than through the steel. ' 

cated by the melting of the gobs of wax on the copper rod before t 

of tilie wax on tliG stGol rod. occurs. .1 i 

Example ^The copper-wire-gauze screen of Fig. 112 has high therma 

coSuctance. Therefore the heat, which is absorbed by the central area 
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wMoh. is directly in contact with, the flame, passes rapidly outward, 
through the surrounding area, to the edges of the screen. Hence, the 
central area does not retain sufficient heat to ignite the gas which pene- 
trates above the screen. An iron-wire-gauze screen (Fig. 113) has, by 
comparison with the copper screen of Fig. 112, poor conductance. It 
follows that the heat absorbed by its area which is in contact with the 
flame is transmitted but slowly through the surrounding area. Hence, 
the central area retains sufficient heat 



Fxa. 116. — Sectional elevation of Davy lamp. Fia. 117. — Recent bonneted pat- 
(Bureau of Mines Circular No. 12.) tern of Clanny-type lamp. (Bureau 

of Mines Circular No. 12.) 

Examples. — Due to its high conductance, the copper screen (Fig. 114) 
distributes the heat of the gas flame over a comparatively large area 
beneath the glass flask. Cracking of the glass, by concentration of the 
heat is, thereby, prevented. Due to the high heat conductance (Fig. 
112) of the metal of which they are made, the wire-gauze screens (Figs. 
115, 116 and 117) which surround the flames in miners' lamps prevent 
ignition of explosive gases in mines. 

Note. — Thermal Conductance In Heat Flow Is Somewhat 
Analogous To Electrical Conductance In Electricity Flow. — In 
fact it is generally true that substances which are good conductors of 
electricity are also good conductors of heat. 

Note. — I p The Nature Op A Substance Is Such That The Vibra- 
tory Motion Op The Molecules In That Part Op A Substance 
Which Is At The Higher Temperature, Is Transmitted With Great 
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Rapidity to the molecules in the cooler portions, then the conductance 
of the substance is high. But if the transmission proceeds sluggishly, 
then the conductance is low. 

120. A Unit Of Thermal Conductance Is The “Moht’’ 

(pronounced, mote). A body has a conductance of 1 moht 
when a thermal pressure — or a temperature difference — of 
1° jP. will force through it by conduction 1 B.Lu. per hr. The 
moht is somewhat analogous to the 
which is the unit of elec- 
trical conductance. In following 
sections it is explained how the 
conductance, in mohts, of a given 
volume of a given material may be 
computed. 

Note. — Is Merely 
Spelled Backwards. The ''thorn is 
a unit of thermal resistance as is explained 
in Sec. 132, Since conductance is the US- — niustratmg th.e “moht.*' 

reciprocal — or in a sense the opposite — 

of resistance, the derivation of the terminology is apparent. 

Example. — In Fig. 118 the conductance of the material between 
planes A* and B is just 1 moht because it permits just 1 B.t.u. of heat 
energy to flow per hour with the thermal pressure of 1° F, This satisfies 
the definition of the moht. 

Example. — Fig. 119 shows some values of conductance of a square- 
foot-inch (1 in. thick and 1 ft. square) of some common substances. Fig. 
120 shows similar values for an inch-cube. These data are taken directly 
from Table 125. 

121. To Compute The Total Heat -energy Flow Through A 
Substance By Conduction When Its Conductance, In Mohts, 
And The Thermal Pressure Are Known, it is merely necessary 
to substitute in the following formula, the derivation of 
which will be obvious from a consideration of the preceding 
definitions : 

(59) Heat flow = (Conductance) X (Thermal Pressure) 
Or, substituting for the above their equivalents as herein- 
before defined: 

(60) B.t.u. per hour = ^(Tz T{) 

Then, if Q = total quantity of heat which flows, in B.t.u., 
it is apparent that : 

(61) Q - ^(Tz - Ti) (B.t.u.) 
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Wherem : t *= time, in tours, during which the heat flow takes 
place. Tz = temperature on hot end, in degrees Fahrenheit. 
Ti = temperature on cold end, in degrees Fahrenheit. B = 
the conductance, in mohts. 

EixAMPiiB. — A slab of copper in. thick and 1 ft. square has a conduc- 
tance of 4,200 mohts. Then if the temperature on one side of the slab is 
42® F. and that on the other is 47® F., the total heal which flows through it 
in 2H hr. ^ Q ^ Bt(T 2 — Ti) = 4,200 X 2,5 X (47 — 42) = 4,200 X 
2.5 X 5 52,500 B.Lu. 

Note, — ^By transposing For. ( 61 ) there result: 

(62) B =- 5 (mohts) 

and 

(63) (degrees Fahrenheit) 
also 

(64) ^ B (TV^ (hours) 


Example. — What is the conductance of the bar of Fig. Ill if, when the 
temperature at A is 800® F. and that at E is 250® F., the total heat which 
flows from A to F in hr. is 1,100 B.t.u.? Solution. — Substitute in 
For. (62): B = Q/[t (T 2 - Ti)] = 1,100 -4- [0.25 (800 — 250)] -= 1,100 
-T- 0,25 X 550 = 8 mohts. 

Example. — ^What thermal pressure or temperature difference will, in 

13 ^ hr., force 180,000 B.t.u. through a 
body which has a conductance of 200 
mohts? Solution. — Substitute in For. 
(63): (Ta - T{) - Q/i 180,000 


fy/oocf Ashes • 0.5 Mhof 
I Pine Wood - / Kfhot 
I Firebrick - 9 Mhots 
r-i Motrbie • 21 Mhofs 
C \-Aluminum “fOSO Mhofs 
^ Copper • 2!^ Mhots 



■ H bf- i-in. 

Direcfion of 
Hedf flQW-^ 


Wood Ashes* 
Pine Wopof • 

‘ Firebrick - 
, kkurbie 


0.0003 

0.007 

0.06 

0.146 


- j Alurnfnum *• 7 . 29 



K i“- - 

Direction of Heoif Fhw^ 


Fio- 119. — Showing conductance Pig. 120. — Showing conductances, in 

of some common materials, in mohts per inch-cube, 

mohts per square-foot-inch. 


(1.5 X 200) ” 180,000 -j- 300 = 600® F. = thermal pressure = temperature 
difference. 

122. Thermal Conductivity Is Specific Thermal Conduc- 
tance. — That is, it is the conductance of a unit block of the 
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material under consideration, wHch has a specified length and 
cross-sectional area. Frequently, in heat computations, the 
conductance of a slab of the material (Fig. 119) which has a sec- 
tional area of 1 sq. ft. and a thickness of 1 in., is taken as the 
conductivity of the material. In such cases the conductivity 
is expressed in mohts per square-foot-inch. The symbol K 
will be used herein to express conductivity. 

Note. — Sometimes It Is More Cokvenient To Use CoisrDxrcTivi- 
TiBS Which Are Expressed In Mohts Per Inch-chbe (Fig. 120). In 
any case, it is always necessary to specify the volume xmit which is 
implied when a conductivity value is stated. How these conductivity 
values are applied in computations is explained in following examples. 

Examples of thermal-conductivity values are given in Table 125 for 
various common metals, heat-insulating materials, liquids and gases. 

123. The Thermal Conductivity Of A Substance Is Hot 
Constant But Varies With The Temperature. — Strictly, 
values such as those given in Table 125, relate only to one 
temperature. But they may, without prohibitive error, 
be used through a reasonably wide range. Usually other 
variables will introduce greater errors than this variation in K. 

Example. — The same piece of metal may, under the influence of the 
same temperature difference, conduct heat more readily when at a high 
than when at a low temperature. That is, for some substances, it has 
been found that the value of K changes a certain amount for each change 
in temperature. 

124. To Compute The Value Of At Some Given 

Temperature When Its Value At Some Other Temperature 
Is Known the following -formula may be used. Note its 
similarity to For. (96) for computing length of a rod at some 
given temperature when its length at some other temperature 
and its expansion coefficient are known. The same general 
reasoning applies in each case. 

(65) Kt = Ko (1 + kT) (conductivity) 

Wherein: Kt = value of K at any desired temperature. Ko = 
the known value of K at some other temperature, k = 
perature coefficient of thermal conductivity’^ = the change in 
value of K for each 1° change in temperature; see note below for 
some values of yfc. T = difference between the temperature at 
which K is known and the other temperature at which K is 
desired, in degrees. 
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Notes. — Some Vaetjes Por h with temperatures expressed in degrees 
Fahrenheit are: Aluminum, 0.000,3. Yellow brass, 0.001,36. Red 
brass, 0.000,89. Copper, 0.000,03. Cast iron, 0.000,83. Wrought iron, 
0.000,1. Read, 0.000,48. 

Example. — ^At 32° F., Ks lor wrought iron is known (Table 125) to be 
400 mohts per sq.-ft.-in. What will Ksj for wrought iron, be at a tem- 
perature of 182° F.? Solution-. — From the preceding note, h for 
wrought iron == 0.000,1. TAxei teni'perature difference = 182 — 32 = 150° 
F. Now substitute in the formula: Kr — iCo(l + — 400[1 

(0.000,1 X 150)] = 400 (1 + 0.015) = 400 X 1.015 = 406 mohts per 
sg.-ft.-dn, 

125, Table Showing Thermal Conductivities Of Various 
Substances which have been determined by experiment. 
There is some disagreement between the different authorities 
as to these values. Further research is necessary to insure 
complete agreement. (Quoted from various authorities: 
M = Marks' MEcncANiCAn Engineers' Hanbbook; P = 
Pender's Electricae Engineers' Handbook, E = Peele's 
Mining Engineers' Handbook; S = Smithsonian Tables. 
R = Randall's Practical Heat.) 
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Material 


j Average working con- 
: ductivity values (B.t.u* 
Ranges through which quoted | per hour forced through 
values of K are fairly accurate j the volume specified by 

a thermal pressure of 


Tempera- Corresponding Ks Kz 

tures, deg. Range in actual in mohts in mohts 
Fahr. values of Ks pei^ sq.-ft.- per inch- 
in cube 


Metals 

Aluminum - . . . 32-500 

Brass, yellow, 32—500 

Brass, red 32-500 

Copper, ...... 32-500 

Iron, cast 32-500 

Iron, wrought . 32—500 

Lead 32-500 

Steel, soft 

Zinc 

iNSTTIiATlNG & MlSCEL- 
LANEJOTTS 

Air-cell asbestos. 212—572 

Asbestos 44 lb,/cu. ft -300-32 

Asbestos 29 lb,/cu. ft —300-32 

Brickdust, course. 32-212 

Brickwork ^ 68 

Cardboard 

Cement 95-194 

Charcoal, powdered. 32—212 

Concrete 

Cotton 32-200 

Cork, pulverized 32-200 

Felt..:. 

Firebrick 32—2,400 

Firebrick, powdered .. . 70-212 

Glass, crown, window. 

Linoleum 

Magnesia 70-212 

Marble 

Mica 

Mill shavings. 


Paper . 

Porcelain 

Rubber, Para . 

Sand 68-311 

Sawdust 70-276 

Scale, boiler 

Slate 

Wood ashes 32—212 

Wood, oak, to fiber. . 68 

Wood, pine, to fiber. 68 

Wool, sheep. .. 8—212 

Wool, mineral. 


Liqqids 
W ater .... 
Brine 

G ASES 
Ammonia. 
Air 


E 

966-1 

100 

1,050 

7.29 

E 

592- 

216 

500 

3.47 

E 

713- 

416 

600 

4.16 

E 

2,080-2,050 

2,100 

14.59 

E 

507- 

205 

450 

3.12 

S 

418- 

398 

, 400 

2.78 

E 

242- 

234 

1 240 

1.66 

S 

322 


1 320 

2.22 

E 

433 


440 

3.05 


S 

0.986-1.45 

1.10 

0.0076 

M 

1.2 -1.62 

1.5 

0.0104 

M 

0.654-1.07 

1.0 

0.0069 

M 

1.128 

1. 13 

0.0078 

[M 

3.42 

3.40 

0.0236 

’m 

1.44 

1.40 

0f0097 

P 

2.06 -6.29 

4.00 

0.0278 

M 

0.635 

6.35 

0.044 

,M 

5.22 -5.64 

5.50 

0.038 

jM 

0.384-0.468 

0.45 

0.0031 

jM 

0.252-0.384 

0.30 

0.0021 

M 

0.264 

0.26 

0.0018 

M 

9.0 

9.0 

0.0625 


0.815 

0.82 

0.0057 


7.2 

7-00 

0.0486 


1.28 

1.2.5 

0.0087 


1.31 

1.30 

0.0090 


20.6 

21.00 

0. 146 


5.28 

5.25 

0.0365 


0.6 

0.6 

0.0042 

1 M 

0.9 

0.9 

0.0063 

M 

7.2 

20 

0.0500 

M 

1.31 

30 

0,0090 

P 

2.48 -2.51 

2.50 

0.0174 

M 

0.444 

0.45 

0.0031 


16.0 

16.00 

0.111 


13.7 

14.00 

0.0972 


48 

0.50 

0.0035 


1.44 

1.40 

0 . 0097 


1.04 

1.00 

0 . 0069 

iP 

0.365-0.441 

0.40 

0 . 0028 



0.42 

0 . 0029 

ip 

3 . 5 -6 . 5 

4.50 

0.0312 

!s 

3.35 

3.30 

0.0229 


32-212 P 0.133-0.206 
32 M 0.151 


0. 15 
0. 15 


0.0010 

0.0010 
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126. To Compute The Thermal Conductance Of Any 
Volume Of Any Given Substance, substitute in the following 
formula, the derivation of which is given below : 

(66) B = (mohts) 

and it follows that: 

■or 

(67) Ks (mohts per sq,-ft.-in.) 

or 

(68) A == (square feet) 


also 

(69) L = (feet) 

Wherein: B = thermal conductance, in mohts, as defined in 
preceding Sec. 120. Ks = thermal conductivity of the sub- 
stance, in mohts per square-foot-inch; see Table 125 for values. 
A == area of the substance, taken at right angles to the direc- 
tion 61 heat flow, in square feet. L = length or thickness of 
the substance, in a direction parallel to the direction of heat 
flow, in inches. 

Oehivation. — ^A s defined in Sec. 120, the moht is the conductance of 
a body which will permit 1 B.t.u. per hour to flow through it when the 
thermal pressure is 1® F. It has also been explained that the heat flow 
through a substance varies: (1) Directly as the cross-sectional area (Sec. 
116). (2) Inversely as the length (Sec. 118). Now the values in the Ks 

column of Table 125 are the conductances from face to face, in mohts, of 
slabs, of different substances, 1 sq. ft. in cross-sectional area and 1 in. 
thick. These values have been determined by experiment. Hence, it 
follows that if, for any given volume of a certain substance having given 
dimensions, the Ks value for the substance from Table 124 is multiplied 
by the sectional area of the volume in square feet and the result then 
divided by its length (thickness) in inches, the result will be the mohts 
conductance of that volume when it has the given dimensions. These 
operations are those which are specified by For. (66). 

Example. — What is the thermal conductance in mohts, from face to 
face, of a slab of wrought-iron boiler plate which is in. thick and 8 
sq. ft. in area? Solution. — From Table 125, Ks for wrought iron is 400. 
Now substitute in For. (66) :B ~ KsA/L = 400 X 8 -f- 0.5 = mohts. 

Note. — If Conductivity Values In Mohts Per Inch-cube Are Used 
from the Ki column of Table 125, then the equivalent of For. (66) be- 
comes: 

(70) 


B 


(mohta) 
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Wherein: Ki = thermal conductivity of the substance, in mohts per 
inch-cube. Ai — area of the substance taken at right angles to the 
direction of heat flow, in square inches. Li = length or thickness of the 
substance in a direction parallel to the direction of heat flow, in inches. 

Note. — When The Cojjdxjctance Op A Body In Mohts Has Been 
Determined, the amount of heat which will flow through it in a given 
time, under a given thermal pressure or temperature difference, may be 
computed by substituting in For. (61). 

127. A Formula For Computing The Total Flow Of Heat 
Energy By Conduction Through Any Volume Of A Given 
Substance, When Its Area, And Dength And The Time And 
Thermal Pressture Are Known is given below. Its derivation 
follows the formula. 

(71) Q — (British thermal units) 

Wherein all of the symbols have the same meanings as those 
specified in Secs. 121 and 126. 

Derivation. — ^From For. (61), Q === " BtiT ^ — Ti). But from For. 
(66): B = KsA/L> Now substitutiflg for B in For. (61), its equivalent 
from For. (66), there results: Q = KsAiTt — Tx)t/L, which is For. (71). 
Usually, it is preferable to use For. (61) instead of (71), first finding the 
mohts conductance with For. (66). 

Example. — What quantity of heat will flow, in 1^ hr., through a 
layer of boiler scale in. thick and 10 sq. ft. in area when the temperature 
on the outside of the scale is 875 F. and the temperature on the inside of 
the scale is 375® F.? Solution- — From Table 125, Ks for boiler scale is 
16 mohts per sq.-ft.-in. Now substitute in For. (71): Q = KsA^Tz — 
T^)t/L - [16 X 10(875 - 375)1.5] 0.5 « 160 X 500 X 1.5 0.5 = 
240,000 B,t,u. 

128. A Formula For Computing The Rate Of Heat-energy 
Flow — ^That Is, The Power Flow — ^By Conduction through 
any volume of a given substance is (see derivation below): 

(72) B.t.u. per hr. = B(T '2 — 7^i) (B.t.u. per hr.)' 

or if; as in electric-furnace and other electrical-apparatus 
computations, it is desirable to express the rate of heat energy 
flow in watts, then : 

(73) Watts == 0.293 B (^2 — T{) (watts) 

The thermal conductance of the volume of the substance in 
question may be computed as explained in Sec. 126. 



112 


PRACTICAL HEAT 


[Div. 5 


Derivation-. — ^From For. (61): Q ** Bt^T^ — Ti), Now, to obtain 
the rate of heat flow per hour, divide For. (61) through by the time in 
hours, that is by t, thus: 

(74) Bd.u, 'per hr. =* y ^ B(2^2 — Ti) 

Also, since a rate of energy expenditure of 1 watt = 3,415 BLu. per hr., 
to convert ^^B.t.u. per hr.” expression of For. (74) into watts, divide 
by 3.415, thus: 

(75) Watts i 3(^2 — TO 

129. “Thermal Resistance” is, in a sense, the opposite of 
thermal conductance, which is defined in Sec. 119. While 
conductance expresses the readiness with which a material 
conducts heat, resistance expresses the opposition which a 
material offers to heat flow. The greater the conductance, 
the greater the heat flow, but the greater the resistance the 
less the heat flow. 

Note. — Numeric allt, Heat Resistance Is The Reciprocal. Of 
Heat Condttctan-ce And Vice Versa. — That is, if a substance has a 
heat conductance of 10 units, its heat resistance is: 1 10 = 0.1 units. 

These quantities are analogous respectively to electrical resistance and 
electrical conductance. Thermal resistance to heat flow is also somewhat 
analogous to the frictional resistance offered by the interior surface of a 
pipe to the flow of water through it. 

Note.— The Thermal Resistance Of A Substance Is Low if the 
construction and arrangement of the molecules of the substance is such 
that heat which is imparted to one part of the substance is transmitted 
with great rapidity to the molecules in the cooler portions. But if the 
transmission proceeds only sluggishly, then the resistance is high. 

130. Internal Thermal Resistance is the opposition to heat 
transfer which occurs within the substance. It is, numeri- 
cally, the reciprocal of internal thermal conductance. 

131. External — Or Contact — ^Thermal Resistance is the 
Resistance to heat transfer which occurs between two sub- 
stances which are in contact with each other. Definite quan- 
titative data relating to this form of resistance are not 
available. 

Note. — Resistance To The Flow Of Heat From The Gases Op 
Combustion In A Boiler Furnace To The Water In A Boiler is, 
largely, due to the contact resistance between the gases and the steel 
boiler-shell or tubes, and between the shell or tubes and the water. It 
is also due to the internal resistance of the plate itself, the resistance of 
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a stagnant gas film on one side of the boiler plate, and the resistance of a 
stagnant water film on the other side. 


132. A Unit Of Thermal Resistance Is The ‘‘Thom.’’ — 

This word is merely a contraction of the term ^Hhermal ohmJ^ 
See, in this connection, Sec. 120 in which the is defined. 

A body has a resistance of 1 thorn when a thermal pressure — 
or temperature difference — of 1° F. will force heat through it, 
by conduction, at the rate of 1 B.t.u. per hour. 

133. To Compute The Total Heat-energy Flow Through. A 
Substance When Its Resistance, In Thoms, And The Thermal 
Pressure Are Known, substitute in the following formula, the 
derivation of which follows from the definition of preceding 
Sec. 132. 


(76) 


B,t.u. per hour 


Thermal pressu re 
Thermal resistance 


or substituting for the above quantities their equivalents as 
hereinbefore defined; 


(77) B.t.u, per hour = 

Wherein: R = the thermal resistance, in thorns. The above 
equation expresses what is sometimes called the Ohm^s law of 
the heat-flow circuit. Now if Q = the total quantity of heat 
which flows, in B.t.u., it is apparent that: 

(78) Q - (B.t.u.) 

Example. — A certain slab of copper has a thermal resistance of 
0.000,238 thorns. If the temperature on one side of the slab is 42° F., 
and that on the other is 47° F., what will be the total heat which will 
flow through it in 2^ hr. ? SoLtJTiojN-. — Substitute in For. (78) : Q *= 
[(Tz - Ti)d/R -= [(47 - 42)2.5] 0.000,238 = 5 X 2.5 0.000,238 = 

52,500 B.t.u. Compare this example with that under For. (61). 

134. Thermal Resistivity Is Specific Thermal Resistance. — 

That is, it is the resistance of a block of the material, which is 
under consideration, which has a specified length and cross- 
sectional area. Numerically, a thermal-resistivity value will 
be the reciprocal of the corresponding thermal-conductivity 
value. Review Sec. 122 on Thermal Conductivity.'" To 
obtain the thermal resistivities of the materials which are 
listed in Table 125. in thorns per square-foot-inch — or per inch- 

H 
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cube — compute the reciprocals of the corresponding conduc- 
tivity values there quoted. 

Note. — THERMAL.- riESiSTrviTT VALxrEs Abb Not GrvEJsr In Table 125 
because it is usually, when computing, more convenient to use the con- 
ductivity values. In many cases, the resistivity values would be long 
awkward decimals. Equally correct results may be obtained by using 
either resistivity or conductivity values, if the proper formula is utilized 
in each case. 

135. To Compute The Thermal Resistance Of A Volume Of 
A Substance In Thoms, first determine its conductance in 
mohts as specified in For. (66) and then figure the reciprocal 
of the value thus obtained. This last value will be the thermal 
resistance, in thorns. 

Example. — The thermal conductance of a certain slab of copper is 
4,200 mohts. Therefore, its thermal resistance is: 1 4,200 = 0.000,238 

thorns. 


136. To Compute The Rate Of Heat-energy Flow, That Is, 
The Power Flow, Through A Substance When Its Thermal 
Resistance, In Thoms, Is Known, the formulas quoted below 
may be employed. These, since resistance is the reciprocal 
of conductance, follow from Fors. (72) and (73). 


(79) 


B.tM, per hour == 



and 

(80) 


Watts — 


0.293(^2- T^) 

R 


Example. — What will be the heat power loss, in watts, through the 
heat-insulating jacket of a furnace, if the thermal resistance of the jacket 
is 0.003 thorns and inside and outside temperatures are respectively 1,700 
and 180° E.? Solution. — Substitute in For. (80): Watts = [0.293 (T? 
Ta)]/R = [0.293 X (1,700 ~ ISO)] -5- 0.003 = 0.293 X 1,520 ^ 0.003 = 
148,400 watts. 


137. Convection Is Transfer Of Heat By The Flow Of 
Currents Within A Fluid Body. — The current-flow is due to 
variations of density, caused by inequalities of expansion and 
contraction, through the fluid body. 

Explanation. — When any portion of a fluid, as air, becomes heated 
(Fig. 121), it expands, (Sec. 169). The density of that portion of the 
fluid diminishes. A given volume of it becomes lighter than it was before. 
That is, the volume of a given weight of the fluid becomes greater. 
According as the density of any portion of a fluid, as water (Figs. 122, 123, 
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124, and 125), diminishes, due to conduction of heat to that portion of the 
fluid, it rises and is displaced by the cooler, more dense and heavier sur- 
rounding portions of the fluid. These portions, in turn, likewise become 


Volume of One Ounce of • 
•Warm Air Aft«- Pofssing 
■ • I Over Steam Coils • ( ■ 


m-Hot Air 



Fiq< 121. — Showing the increase in volume of a certain mass (weight) of air in passin^f 

over hot steam coils. 


.-Cooler Portions of Wcfter DescerTcf^ 
\Jngf to Disploice Lighter Porthns^ 

■■ 





-Flonm 

Wafer Absorbs Heat/ 
bu coro/iicffon, from 
'Bottom of Vessel 


Fig. 122, — Water circulation when heat 
is applied to center of a vessel. 


Oirezffon of Wafer 
Cfrcukullon Currents .. 



- -Flame 

Ijj Water^-- 


Fig. 123. — Water circulation 
in vessel heated on one side. 


heated and displaced. C'ontinuous circulating currents are thus set up in 
the fluid. Heat is thereby transferred, by convection, from the parts of 
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the containing vessels which are in direct contact with the sources of heat 
to the parts which are remote therefrom. 

Hot water is admitted (Fig. 126 ) to a cold cast-iron radiator, R. The 



Fia. 124. — Showing water circulation in or- Fia. 125. — Showing circulation in a 

dinary cylindrical drum boiler. U-tube when one leg is heated. 



Pm. 126. — Hot-water heating system. 

heat in the water is transferred, by conduction, to the iron walls of the 
radiator. Then the heat in the iron is transferred, by conduction, to 
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the particles of external air which are directly in contact with the radiator. 
This air expands. Its density diminishes. It becomes lighter, per unit 
of volume, than it was a moment previous. It is displaced from con- 
tact with the radiator by the heavier air below it. Similarly other 
portions of air become heated, expanded, diminished in density and dis- 
placed frcm contact with the radiator. A continuous convection-cur- 
rent, w^^hich carries the heat to the parts of the enclosed space which are 
remote from the radiator is thus set up. This current constantly 

imparts its heat, by conduction, to 
the remote bodies with which it 



makes contact, and constantly re- 
turns to the radiator for a fresh 
supply. Some heat is also trans- 
mitted from a radiator by radiation 
(Sec. 138). 



Fig, 127. — Heating with a warm-air Fig 128. — Showing convection cur- 

furnace. rents of air at junction of ocean and land. 

(Direction of flow may be reversed when 
the land is the cooler.) 



dined tube. in simple water-tube boiler. 

Note. — Tbansfer Of Heat By Coitvection Is Utilized In Many 
Ways. — The effectiveness of hot-water (Fig. 126), steam, and hot-air 
(Fig. 127) heating systems (Div, 17), of ventilating systems, and of 
chimneys and stacks (Sec, 256) depends unon this principle. To it. also, 
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are due the winds (Fig. 128) which traverse land and sea. Convection is 
of fnndainental importance in the operation of steam boilers. The tubes 
of horizontal water-tube boilers are set (Figs. 129 and 130) at an inclina- 
tion to the horizontal. The object is to facilitate transfer of heat by 
convection. Rapid circulation of the water-currents, and, therefore, of 

heat-transfer by convection is (Figs. 
131 and 132) one of the foremost 
considerations in boiler design. The 

Smoke ji-Feeof Wafer ..-Water^ 




!Fio. 131. — ^Water and gas cironla- 
tion in one type of vertical water-tube 
boiler. 


Tig, 132. — Stowing water and gas circula- 
tion in Stirling-type boiler- 


Direction of Winot 


Dotoftingr 
Vent ilcf for-' 


■■'Hoirmeof Mr 
Leotvlngr 


Air J f' '• I- - ^ ^ 

\ Risfngr 

A I Venfilotfhn 1 1 t t t i 

Required t t ’ I - 

Below ' ' T t 1 

^ Floor-' 'Coo! Air Entering- ‘ 

Fia. 133. — Ventilation due to convection. (This shows a scientific arrangement. 
K'ote movement of air near floor where employes work. The wind, if there is any, 
assists in promoting circulation.) 

principle of convection is, often, utilized (Fig. 133) in the natural 
ventilation of buildings. 
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Note. — The Mathematics Of Heat Transfer By Convection Is 
Rather Complicated. — involves consideration of many factors, as 
temperatures, specific heats, densities, viscosities, and probably others. 
Hence, no formulae pertaining to this subject will be given herein. How 
a chimney produces draft by convection is explained in Sec, 256 and in 
the author’s Steam Boilers. 

138. Radiation Is Transfer Of Heat From One Body To 
Another By Wave Motion In The .ZEther (Sec. 46). When 
being thus transferred by wave motion in the aether, the 
energy is called radiant heat energy or merely radiant heat. 
Radiant heat is, therefore, wave motion and not molecular 
motion as is heat in its most common form. The earth 
receives the sun^s heat by radiation. The aether which fills 
interstellar space, and, in fact, all space unoccupied by matter, 
is the medium of transmission. 

Explanation, — If the bare hand be suddenly thrust before the open 
door of a boiler-furnace, within which an intensely hot fire is burning, an 
unbearable sensation of beat will be felt instantly. Evidently, this can 
be due neither (Sec. 137) to convection nor (Sec. Ill) to conduction. 
It cannot be accounted for on the principle of convection, because the 
convection-current fiow will be inward, instead of outward, through the 
furnace-door. The exposed hand will be constantly bathed by an air- 
current flowing into the furnace from the comparatively cool atmosphere 
of the room. For the same reason, the intense sensation of heat cannot 
be accounted for on the principle of conduction. Even if the air in 
contact with the hand were to become temporarily stagnant, a consider- 
able interval of time would still be required for it to conduct the heat 
thereto, because air is (Sec. 114) a poor conductor of heat. 

The true explanation is, that the vibratory heat motion, of the mole- 
cules of the combustibles in the furnace, sets up a wave motion in the 
sether which (Sec. 46) fills the interstices between the air molecules. 
These heat waves travel, at enormous speed (Sec. 17S), along straight 
lines which radiate in all directions from the source of heat. They tend 
to reproduce (Sec. 142), in all matter which lies in their path, the vibra- 
tory heat motion of the heated substance wherein they originate. Those 
which travel in the direction of the exposed hand before the furnace door, 
traverse the intervening distance in an interval of time which is so brief 
as to be virtually instantaneous. In fact, radiant heat waves travel at 
the same speed as do light waves, viz. : 186,000 miles per sec., as explained 
in Sec. 178. 

139. Heat May Be Radiated Through Vacua. — The heat 
energy of the sun passes through a presumably perfect vacuum, 
millions of miles in extent, before it reaches the earth’s 
atmosphere. 
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Note. — Heat Can" Neither Be Conducted Nor Contected 
Through A Vacuum. — In a space wherein matter is nonexistent, both 
the molecular motion by which heat is conducted, and the current-flow 
by which it may be convected, must likewise be nonexistent. 

Example. — glass vessel enclosing a practically perfect vacuum might 
be interposed between the bare hand and the fire in the furnace. But the 
sensation of heat would still be felt. 

140, Heat Waves May Be Visible Or Invisible. — Those 
which are visible are (Sec. 176) classed as light waves. The 
quality of visibility depends upon the degree of heat (tem- 
perature) which is possessed by the bodies from which the 
waves emanate. 

Exajvcple. — ^A mass of iron when heated to about 480*^ T. will, in a dark 
room, give off visible heat waves. When the temperature of the iron 
drops below 480® F. , the heat waves will become invisible. 

141. Heat May Be Radiated Through Transparent Or 
Translucent Bodies To Other Bodies Beyond. — Some sub- 
stances tend (Sec. 143) to absorb heat waves more readily 
than do certain other substances. 



Fia. 134. — ^Uens of ice shaped like a burning glass concentrates radiant heat waves of 

sun and ignites paper. 

Example. — The visible heat waves, which (Fig. 134) are manifested 
in the sun’s rays, tend to stimulate heat motion in the lens-shaped cake 
of ice. Presently the ice lens will be melted to water. But while the lens 
continues intact, the heat waves passing through it will, by being focused 
or concentrated on the faggots, ignite them. 

142. Radiant Energy Is That Form Of Energy Which 
Resides In u^^thereal Heat Waves. — It is the essence of the 
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phenomenon which (Sec. 138) is conveniently defined as 
transfer of heat by radiation, or as radiant heat. 

Explanation. — The earth receives the sun^s heat by radiation. But 
the sun^s heat exists as a vibration of the molecules of the sun's substance. 
This vibratory molecular motion, or heat, cannot be imparted by conduc- 
tion to the aether which lies between the sun and the earth and thence to 
the molecules of the earth's substance — the aether has no molecular 
structure to receive it. Therefore, it is an obvious misnomer to consider 
the phenomenon of radiation as a direct transfer of actual heat by contact. 

The energy of the sun's molecular vibration, or heat, is, however, 
imparted to the sether. This transfer of energy is manifested by waves 
which are thereby made to traverse the sether. These waves radiate from 
the sun along straight lines (Sec. 138). They are waves of radiant 
energy. When a mass of matter, as the earth, intercepts their path, they 
impress their radiant energy or a portion of it on that mass of matter and 
thereby reproduce therein the molecular motion, or heat, to which they 
owe their origin. 

143. Waves Of Radiant Energy Are Converted Into Heat 
In The Material Bodies Which Intercept Them. — Radiant 
energy tends, more or less, to penetrate (Sec. 141) substances 
which are transparent, translucent or opaque to light, as 
respectively a window-pane, a draftsman's celluloid triangle, 
or a china cup. The ability of any of these substances to 
convert radiant energy into heat is inversely proportional to 
its capacity for transmitting light. An ideally transparent 
substance would convert none of the radiant heat energy 
which impinged on it to molecular-vibration heat energy; all 
would pass through. An absolutely opaque non-reflecting 
substance would convert all radiant energy which impinged 
on it to molecular-vibration heat energy. Radiant energy 
cannot penetrate substances into which light cannot enter. 
The radiant energy, or a portion of it, is transformed into 
heat among the surface molecules of such substances. Then 
the heat is carried, by conduction, throughout the body of the 
substance. The more impenetrable the substance, the greater 
its capacity for conversion of radiant energy into heat. 

Note. — Dull Black Surfaces Of Bodies Are The Best Conv^ert- 
ERS Of Radiant Energy. — They are also the best radiators thereof. 
It is presumed that if a surface, in which the qualities of blackness and 
dullness would be perfectly blended, could be prepared, the surface would 
absorb, and convert into heat, all of the radiant energy w'hich it might 
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intercept. A surface coated with lampblack is probably the nearest 
approach to the ideally perfect absorbing surface. 


Waves Reffecfebf. 
^ ^ - -Perpenc^icularfy.)^ ^ 

Wolves/^/" 


144. Radiant Energy Which Is Intercepted By A Material 
Body May Be Reflected Therefrom (Figs. 135, 136 and 137), 
Some of the heat waves which 
impinge upon the surface of 
the body will (Sec. 138) be-* 
come transformed into mole- 
cular motion or heat. But 
others may rebound. The 
angle of incidence^ 7, (Fig. 135) 
is always equal to the angle of 
reflection, R- 

Note. — Brightly Polisher 
Surfaces Heflect Kadiant 
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Fig. 135. — Heat waves 
are reflected in the same 
manner as are light waves. 


Pig. 136. — Reflected radiant energy 
from the sun makes it hot for the 
painter. 


Energy Very Keadily. — Thereby they tend to prevent the absorption 
of radiant heat by any body which they surround. Conversely, polished 
surfaces are poor radiators of heat thereby they tend to prevent loss of 


Concave Reflector-. 



Fig. 137, — Radiant*-energy heat rays are reflected and focused by a concave mirror in 
the same manner as are light rays. 

radiant heat from bodies which they surround. A bright silvery surface 
(Figs. 136 and 137) will reflect most of the radiant energy which it may 




Pig. 13S. — Good heat reflectors are Pig. 139. — Good heat absorbers are 
poor heat absorbers and vice versa. good heat radiators. 


In general, the rough dark surfaces are good radiators and 
absorbers; smooth polished light surfaces are good reflectors 
and poor absorbers. 

Example. — In Fig. 138^ the metal sphere, A., on the lampblacked 
plate will melt off before that, R, on the polished plate melts off. The 
lampblacked plate quickly absorbs radiant heat from the hot metal ball, 
B. The polished plate reflects the heat away. In Fig. 139, the bulb, 
L, absorbs more heat than does P, because the lampblacked side of the 
hot-water-can radiates heat much more rapidly than does the polished 
side. 

Example. — ^The metal casings of ‘‘thermos’’ bottles (Figs. 106 and 
107) are often nickeled and polished on the outside to minimize the loss 
or gain of heat by them by radiation- The glass container inside such a 
bottle is similarly coated like a mirror for the same reason. Likewise 
calorimeter vessels (Fig. 95) are, usually, of polished nickel. Electric 
heaters (Fig. 82) have highly polished reflectors, Steam-heating-system 
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radiators (Sec. 590) are, purposely, left rough outside to promote radia- 
tion of heat from them. 


f I Y i t 
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R o(' y s’ 


146. Radiant Energy Is Susceptible To Refraction. — This is 
observed when visible heat waves, in the 
form of rays of sunlight, are (Figs. 134 and 
140) caused to pass through a convex lens. 
A refractive, or bending, effect is also 
observed (Figs. 141 and 142) when visible 
heat waves, or light rays, pass through the 
bounding surfaces of transparent substances, 
as clear water or glass. 

Note. — Radiant Heat Waves May Theke- 
FOJRE Be Concentrated With A Lens (Figs. 134 
and 140) in about the same way that light waves 
can be concentrated. 


i(> . .n <3 
w.'.' ■ ‘I 




tens 


■"Blotie 


Fig 140 — Sun s rays Radiant Heat Which Is Given 

are refracted by the lens 

and concentrated on the Off By A Body may be computed by the 
head of a match, igniting Stefan-Boltzmann formula, which is as 

follows : 


(81) (British thermal units) 

Wherein : Q == the quantity of heat, in British thermal units, 
which is radiated. A; = a constant for the material, taken 




Pig. 141. — The course of a ray 
of Kght is changed by refraction 
when it passes through the com- 
mon surface of two transparent 
mediums of different density. 



Pig. 142. — Path of a light ray is 
deflected when passing through a 
prism. 


from Table 149. A = the area of the radiating surface, in 
square feet, t ~ the time interval, in hours, during 
which the radiation occurs, T =. the absolute temperature 
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of the body, in degrees Fahrenheit = reading of the observed 
temperature + 460. 

For a radiator possessing absolute blackness, For. (81) 
becomes : 

(82) Q = 0.161,8^^^^|^^ (British thermal units) 

148. The Net Heat-transfer, By Radiation, Between A Hot 
Surface And A Parallel Cool Surface (both surfaces must be 
very large, of the same size, and one of them a perfectly 
black body. Fig. 143) may be computed by the following 
adaptation of the Stefan-Boltzmann formula: 

(83) Q« = *[(^)* “ (^l)*] (B.t.u. per hr. per sq. ft.) 

Wherein; Qi? == quantity of heat transferred, in British 
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Fi< 3. 143. — Showing how heat actually radiates, and how, for the purposes of computa- 
tion, it is assumed to radiate. (In II it is assumed that all heat is radiated at right 
angles to the surfaces. This is assumed to be true only when the surfaces are very 
large.) 

thermal units, per hour per square foot of area {A or B, 
Fig. 143) of either surface, fc = a constant for the material, 
taken from Table 149. Ti and T 2 = respectively’^, the abso- 
lute temperatures in degrees Fahrenheit, of the hot and cold 
surfaces = reading of the observed temperature of each 
surface + 460. This formula illustrates the principal of 
mutual radiation. However, in practice very few cases arise 
in which the radiation is betw^een two large parallel surfaces 
of equal area, one of which is a perfectly black l^ody. Hence, 
the formula can seldom be used for accurate ; olutions. But 
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it can be used in most cases, such as in boiler furnaces, for 
calculating approximately the heat which radiates from a 
square foot of an incandescent body. 

149. Table Showing Values Of The Radiation Constant k 
For Various Materials (FromMarks^ MECHAi^iCAii Eistgineers^ 
Handbook) . 


Material 


Temp., Temp., 

deg. Material 

Falir. Fahr 


IdeaUy black body [0.1618 70 

Glass, smooth |o. 154 

Brass, dull 0.0362 100-660 

Lampblack 0.164 32—100 

Copper, slightly polished. ... |0. 027Sl 100— 540 
Wrought iron, dull, oxidizedjo. 154 70—670 

Wrought iron, (ordinary I 

black body) 0.0562 85—225 

Wrought iron, highly pol- 
ished 0.0467 105-480! 


Zinc, dull ;0. 034 1 120-546 

Cast iron, rough, highly | 

oxidized 0 . 1571 105-480 

Lime plaster, rough white. 0. 15l! 150-195 

Slate, smooth 0.115 140-400 

Field soil 0 . 063 140-400 

Water 0.1121 140 

Ice 0.106] 32 

Incandescent bodies 0. 156j 


150. Radiant Heat Within A Boiler Furnace will now be 
considered. A boiler receives little heat by radiation from 
the gases of combustion. It may receive some heat by radia- 
tion from the long tongues of luminous flame which result 
from burning highly volatile bituminous coals. But most 
of the heat delivered to a boiler by radiation comes from the 
glowing and incandescent fuel on the grate, and from the highly 
heated fire-brick lining of the furnace. For a given grate 
area neither the contour of the portion of the boiler surface 
which receives the radiant heat, nor (within reasonable limits) 
the distance of the surface from the fuel bed, have any appar- 
ent influence on the amount of heat thus transferred to the 
boiler shell by radiation. 

Example. — The temperature of the incandescent fuel bed, and of 
the fire-brick lining, in a boiler furnace, is 2,300® F. The temperature 
of the boiler shell is 600® F, If the furnace temperature be raised to 
2,500° E., what will be the increase in the quantity of heat transferred 
to the boiler shell by radiation? Solution. — /c for wrought-iron bodies 
(Table 149) — 0.154. By For. (83), the heat radiated under the prevailing 
furnace temperature Qr = k [(Ti/100)^ — (T 2 / 100 )^l = 0.154 X {[(2,300 -h 
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460) 100]* — [(600 -j- 460) ^ 100]*} = 87,400 B.t.u. per hr. per 

sq. ft. of the area of the hot surface which radiates the heat. Also, by 
For. (83) the heat which would he radiated under the increased furnace 
temperature Qr ^ k [(Ti/lOO)* — (T 2 /IOO)*] =* 0.154 X {[(2,500 -h 
460) 100)]* - [(600 4- 460) -r- 100]*} = 116,300 B.t.u. per hr. 

per sq. ft. of the area of the hot surface which radiates the heat. 
Hence, the increase in the quantity of heat radiated = 116,300 — 
87,400 = 28,900 B.t.u. per hr. per sq. ft. of the area of the hot fuel bed. 

161. Tlie Problem Of Heat Radiation In Boiler Furnaces Is 
Very Complicated. — ^This is particularly true of the radiation 
which occurs in the furnaces of externally fired boilers. It is 
beyond the province of this book to go into the abstruse 
mathematics of the subject. Enough has been shown, 
however, in the preceding example to emphasize the advam 
tage, in boiler operation, of maintaining high furnace tem- 
peratures. As indicated in the solution of the preceding 
example, the quantity of heat which a boiler receives by radia- 
tion increases very rapidly as the furnace temperature rises. 

Exampljss. — ^By increasing the furnace temperature from 2,000° F. 
to 3,000® F., the quantity of heat which is delivered to a boiler by radia- 
tion under the lower temperature, may be increased approximately four 
times. By permitting the temperature to fall from 2,500° F. to 2,400° 
F.j.the quantity of radiant heat may be diminished about 12 per cent. 
The fusing temperature of the ash generally limits the maximum attain- 
able temperature of the fire in a boiler furnace. 

162. Heat Transfer May Be Effected By Simultaneous 
Occurrence Of Conduction, Convection And Radiation. — 

When the three modes of heat-transfer thus act conjointly to 
deliver heat to a substance, the resulting phenomena are very 
complicated and difficult of exact analysis. 

Explat^ation. — I n boiler operation, the furnace heat (Fig. 144) is 
transferred by convection and radiation to the surface of a stationary 
gaseous film which blankets the heating surface of the boiler. Or, 
perhaps, a coating of soot may interpose between the film of gas and the 
heating surface. The heat is then carried by conduction to the water in 
the boiler. It traverses the external film of gas, the coating of soot, 
the boiler plate, perhaps a layer of scale on the inner surface of the 
plate, and, finally, a film of stagnant water and steam before it passes 
into the mass of moving water in the boiler. During the progress of the 
heat flow from the outer surface of the external gaseous film to the moving 
water in the boiler, the mode of transfer alternates successively between 
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external and internal (Sec. 112) conduction. When the heat is finally 
conducted into the moving water, the convection currents circulating 
therein distribute it throughout the mass. 

Now, heat is not transferred as readily by external conduction as 
by internal conduction. Also, the rate of transfer by external conduction 
seems to vary, more or less, according to the various natures of the sub- 



iPiG. 144. — Diagrammatic representation of heat transfer in a boiler and furnace. 

stances in contact. This introduces a factor that must be variously 
reckoned with where (Fig. 144) a series of dissimilar substances are 
successively in contact. 

The, rate of heat transfer by convection, both in the furnace and 
in the boiler, will be considerably modified by the velocity of flow of 
the furnace gases and of the water. As the velocity flow of either of 
these mediums increases, the thickness of the film of stagnant gas 
which blankets the heating surface externally, or of the film of stagnant 
water which adheres to the plate internally, will be materially diminished. 
These films are relatively poor conductors of heat. 

It is evident, therefore, that the quantity of heat which may be 
transmitted, through the external film, from the convection currents in 
the furnace, and, through the internal film, to the convection currents 
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in the boiler, will be greatly modified according to tbe thickness of the 
films. 

The transfer of heat by radiation will, likewise (Sec. 143) be governed 
by variable conditions. 


QUESTIONS ON DIVISION 6 

1. What are the three modes of heat transfer? 

2. State an instance •wherein the three modes of heat transfer occur simultaneously. 

3. What change in the motion of the molecules of a substance occurs when the sub- 
stance is heated? 

4. What is heat conduction? Give an example. 

5. Why does the protruding end of a bar of iron remain cool while the other end is 
being heated in a forge fire? 

6. What is internal conduction? Mxt&maX cortductionf Give some examples of each. 

7. What factors determine the flow of heat -through a substance? 

8- Explain the fundamental cause of the warmth -which a blanket of snow secures 
to vegetable life. 

9. In what ways do the elements, of time and. distance affect the rate of heat transfer 
between two points in any substance? 

10. What is thermal conductancef 

11. Why do not all materials conduct heat at the same rate? 

12. What is the name of the unit of thermal conductance? Of thermal resistance? 
What is the value of each of these uni-ts? 

IS. What is thermal conductivity? 

14. In what manner do temperature changes affect tbe thermal conducti-vities of 
substances? 

15. What is internal thermal resietancef JExt&rnal thermal resistance? 

16. What is thermal resistivity? 

17. What should be the intrinsic properties, with respect to heat-effects, of the 
materials used in making an ice-box or a fireless cooker? 

18. By what quantitative units are resistivity and conductivity expressed mathe- 
matically? Explain the meaning of each unit. 

19. Explain the mutual relation existing between the British thermal unit and the 
units of conductivity and resistivity. 

20. What is convection? 

21. Explain the phenomena of convection in hot-water and hot-air heating systems 
and in ordinary stove heating. 

22. Why are the tubes in horizontal water-tube boilers set sloping? 

23. What is radiation? 

24. Wherein does radiation chiefly differ from conduction and convection? 

25. In what manner does the earth’s atmosphere become heated by radiant energy 
from the sun? 

26. What is radiant energy? 

2 7- What is the velocity of radiant energy? 

28, What characteristic must a substance possess in order that radiant energy ma^’ 
pass through it? 

29- In what manner is a body heated by radiant energy? 

30. Describe how radiant energy may be reflected. 

31. Give some examples of refracted radiant energy. 

32. What characteristic should a substance possess to render it a perfect absorber of 
radiant energy? 

33. What kind of surface is best for radiating heat? 

34. Wiiat materia] affoials tlic cJosest approximation to the ideally perfect absorber of 
radiant encTgy? 

36. Wlnit ar(i tlie so\ire<‘H of radiant heat in the furnace of an externally fired boiler? 

9 
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36. What oiroumstance generally limits the maximum temperature that may be real- 
ized in a boiler furnace? 

3 7. In what manner does the velocity of the flow of gases in a boiler furnaoe chiefly 
afleot the transfer of heat from the gases to the boiler ? 


PROBLEMS ON DIVISION 6 

1. A body having a cross-sectional area of 6 sq. in. conducts 41 B.t.u. of heat per 
min. Vrhat would be the rate of heat conduction of a body of the same substance having 
a cross-section of 6.5 sq. in.? 

2 . If one end of an iron rod is heated to 500° E. in a forge fire, while the temperature 
of the opposite end is 100° F., what is the thermal pressure between the two ends? 

3. The temperature of one end of a stone column is 300° F. The temperature of the 
opposite end is 70° F, The quantity of heat flowing, in 5 hr., between the two ends is 
700 B.t.u. What is the conductance of the column? 

4 . A body has a conductance of 11 mohts. What thermal pressure will force 8,720 
B.t.u. through the body in an hour and ten minutes? 

6. The side sheets of the fire-box of a steel boiler are 0.5 in. thick. The area of each 
sheet is 30 sq. ft. What is the thermal conductance from the fire surface to the water 
surface of each sheet? 

6. A steam pipe is covered with a 4-in. thickness of mineral wool. The length of the 
covering is 20 ft. Its mean diameter is 6 in. The temperature of the pipe is 300° F. 
The temperature of the surrounding air is 90° F. What quantity of heat flows, in 10 
hr,, through the covering? 

7 . A clean steel boiler tube has a thermal resistance of 0.000,267,2 thorns. If the 
average temperature on the fire side of the tube is 1,500° F., and on the water side 310° F., 
how much heat will flow through it in 6 hr.? 

8 . A brick wall is 9 in. thick. What is the thermal resistance through each square 
foot of its area? 

9. The side wall of a brick boiler-setting is 6 ft. high, 15 ft. long and 15 in. thick. 
The average temperature on the furnace-face of the wall is 2,000° F., and on the outer 
face, 190° F. What is the heat-power loss through the wall? 

10. The white-hot fuel in the fire-box of a locomotive-type boiler is at a temperature 
of 2,400° F. The crown-sheet temperature is 700° F. If the fire temperature is raised 
to 2,600° F., how much more heat per hour will the crown-sheet receive by radiation 
from the fire? 
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163. The Three Possible Effects Of Adding Heat To A Sub- 
stance Or Abstracting Heat From It were stated in Sec. 54, as 
(1) Change of temperature. (2) Change of state. (3) Exter-- 
nal work. In this division, it will be shown what changes in 
bodies may accompany these three fundamental effects of heat 
transfer. Some of these changes will then be treated more in 
detail in following divisions. In aU cases, the aim shall be to 
discuss principally such changes as affect practical applica- 
tions of heat, such as power plants, heating of buildings, 
refrigeration, and industrial systems generally. 

Note. — ^The Addition Or Abstraction Or Heat Changes The 
Properties’’ Of A Substance And Thereby Performs ^^Proc- 
esses.” — ^A property of a substance is any characteristic of the substance 
which may be used to describe the substance or to describe what the 
substance is capable of doing — some properties are shape, size, density, 
temperature, state, taste, color, odor, solubility, strength, electric 
resistance, thermal resistance, chemical composition. A process is 
simply a change in one or more of the properties of a substance. In 
this division will be discussed some of the processes which accompany 
the addition of heat to or the abstraction of heat from substances. 
Also, since ^‘change of temperature” is a process which frequently 
accompanies the addition or abstraction of heat, the influence of tem- 
perature on the other properties of substances will be discussed. The 
processes and properties which will be treated include : (1) Expansion and 
contraction. Secs. 159 and 160, also treated in detail by Div. 7. (2) 

Melting, Sec. 161, also treated in detail by Div. 9. (3) Vaporization, Sec. 

162, also treated in detail by Div. 10. (4) Sublimation, Sec. 163. (5) 

Chemical combination, decomposition, and dissociation. Secs. 155 to 158. 
(6) Viscosity, Sec. 165. (7) Absorption, Sec. 168. (8) Solution and 

solubility, Secs. 168 to 174. (9) Electric resistance, Sec. 182. (10) 

Strength, Sec. 184. (11) Capacity for emitting radiant energy, Sec. 176. 

164. A “Physical Process” is any change which a substance 
is made to undergo without alternation of the arrangement of the 
atoms which compose its molecules. Very frequently physical 
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processes are the effects of heat addition, or abstraction. Some 
examples of physical processes are: (1) Change in temperature, 
(2) Change in volume. (3) Change in state, as from solid to 
liquid or from liquid to gaseous. (4) Absorption (Sec. 168). 
(5) Solution (Sec. 170). 

Note. — Physical Processes May Be ^'Reversible'' Or “Irre- 
versible" depending on whether, after a process is completed, the 
substance can be returned readily to its original condition. • Most 
physical processes are reversible. Thus, water may readily be cooled 
after being heated or it may readily be condensed after being vaporized 
into steam. Some physical processes are, however, irreversible. Thus, 
if a 12-ft. board is cut into two 6-ft. lengths, it cannot again be made into 
a 12-ft. board. 

165. A “Chemical Process’’ or Reaction is a change which 
a substance is made to undergo whereby its chemical compo- 
sition (JJie arrangement of the atoms in its molecules') is altered. 
Chemical processes are, in general of four kinds : (1) Comhina-^ 
tion, wherein 2 or more substances combine to give 1 substance. 
(2) Decomposition^ wherein 1 substance is changed into 2 or more 
substances. (3) Displacement, 1 element and 1 compound 
combine to give 1 other element and 1 other compound. 
(4) Double decomposition, wherein 2 compounds give 2 
different compounds. Nearly all chemical processes are 
attended by the liberation or continual absorption of heat. 

Examples. — If a strip of magnesium is lighted with a match, it takes 
fire and “burns" with a white flame. This (and every other) burning 
is actually a chemical combination of the material burned and oxygen 
from the air. If some mercuric oxide (red oxide of mercury) is heated in 
a test tube, globules of mercury will deposit on the cooler walls of the 
tube and oxygen (gas) will pass out of the tube — a lighted match placed 
in the mouth of the tube will glow in the oxygen. The mercuric oxide is 
“decomposed" into mercury and oxygen. If some bits of zinc are placed 
in a tube with some dilute hydrochloric (muriatic) acid, a gas will be 
evolved at the surface of the zinc. This gas will be found to burn with a 
pale blue flame — it is hydrogen. Here “displacement" occurs — the zinc 
(element) and the acid (compound) react to form hydrogen (element) and 
zinc chloride (compound). In the purification of water, a solution of 
lime (calcium hydroxide) and a solution of ferrous sulphate (copperas) 
are frequently introduced into the water which is to be purified. These 
two compounds, by “double decomposition," form ferrous hydroxide and 
calcium sulphate — ^the hydroxide forms into small flakes which slowly 
settle and carry with it the impurities which may be in the water. More 
examples of chemical reactions are given in succeeding sections. 
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Note. — The DisTmcTioisr Between A Chemicai/’^ And A Phys- 
ical” Peocess is this: Chemical processes have to do only with changes 
in the arrangement of the atoms within the molecules, whereas physical 
processes have to do only with changes exterior to the construction of 
the molecules. This distinction is important. 

166 . Dissociation Is A Reversible Decomposition. — Not 
all decompositions are reversible. If a piece of wood is heated 



Fig. 145. — Decomposing water into hydrogen and oxygen — -oxygen unites with hot 
iron forming iron oxide. Heat must be supplied, however, to maintain the 
decomposition. Hence, the heat is “absorbed'* in the process. 

in a closed vessel (so that no air can reach the wood), the piece 
will be decomposed, by the absorption of heat, into charcoal 


Oxygen 




Fia. 146. — The oxyhydrogen blow-pipe is chang- 
ing hydrogen and oxygen gases to steam C water 
vaporized). An immense amount of heat is given 
off — liberated. 


and some gases. The charcoal and 
the gases cannot, however, by man 
_ be made tore-combine to form wood. 

Hence, the decomposition of wood 
is irreversible. On the other hand, however, water can be 
decomposed (by an electric current or by heating to a very 
high temperature) into two gases, hydrogen and oxygen (Fig. 
145). These gases will again combine, if mLxed and ignited, 
to form water (Fig. 146). During the combination, as much 
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heat is liberated as was absorbed when the water was decom- 
posed. Hence, the decomposition of water is a reversible 
chemical process, 

167. The Addition Of Heat Energy Is Necessary To Effect 
Certain Chemical Processes. However, Heat Energy Is 
Liberated By Most Chemical Processes. — As was explained 
in Sec. 28, energy of some sort is either required to effect or is 
liberated by every chemical process or reaction. It is the 
purpose here to give consideration to those chemical processes 
whereby only one kind of energy, heat energy ^ is either absorbed 
or liberated. Those chemical changes in which heat energy is 
liberated are called exothermal processes. Those in which heat 
energy is continuously absorbed are called endothermal proc- 
esses. The amount of energy which is absorbed or liberated 
by the different chemical processes is usually determined 
initially by experiment; values are given in chemistry books 
and in handbooks such as the '^Smithsonian Institute Tables. 
The amount of heat energy liberated or absorbed by a chemical 
reaction may in many cases, be determined with a calorimeter; 
see Sec. 466. The absorption or liberation of heat are not 
necessarily evidences of chemical processes. All physical 
processes are similarly accompanied by heat transfers. 
Examples are heating due to rubbing or percussion and the 
heat released or absorbed during changes of state (Sec. 54) of 
matter. 

Explanation. — One pound of every substance (at a given tempera- 
ture and under a given pressure) contains: (1) A certain definite amount 
of chemical energy. (2) A certain definite amount of matter. See Sec. 28. 
The amount of matter in the substance can be determined quite accu- 
rately by weighing. But there is no way in which the total amount of 
chemical energy in it can be determined. This chemical energy was 
imparted to the atoms of the substance both when they were first evolved 
and possibly, also at later times, whenever the atoms were parties to 
chemical reactions- Thus chemical energy, of an unknown amount, 
normally resides '^bound in'^ or latent in every substance. 

However, if a chemical process occurs whereby the molecules of given 
weights of two or more substances are disrupted into their constituent 
atoms which atoms then recombine to form the molecules of a new 
substance or substances, a definite amount of energy is either absorbed or 
released during the process. The amount of heat energy (in, say, British 
thermal units) which will be absorbed or released by any chemical reac- 
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tion between given weights of two or more substances must, apparently, 
be determined by experiment; there seems to be no way, except in certain 
special cases, to compute it. In most cases, the energy is thus absorbed 
or liberated as heat energy. If heat energy is absorbed, it is auto- 
matically transformed into chemical energy which then resides latent 
within the new substance or substances. If heat energy is liberated, it is 
energy which was transformed from part of the chemical energy which 
formerly resided — ^latent — within the original substances. Examples of 
the amounts of heat energy thus absorbed or liberated by certain chem- 
ical reactions are given below. 

Hence, it is evident that if heat energy is liberated by a chemical 
reaction, this energy is part of the store, of unknown amount, of chem- 
ical energy which formerly resided within the molecules of the sub- 
stances. Possibly a part of the liberated heat is derived from each of the 
original substances which were parties in the reaction. If heat energy is 
absorbed by a chemical reaction, the energy thus added goes to increase 
the store of chemical energy in the molecules of the resulting substance 
or substances. Somehow or other, chemical energy is necessary to 
‘^hold'' the atoms in the molecules, different amounts of it being neces- 
sary for different kinds of atoms and molecules. So when the molecular 
structure — the substance — ^is changed, the chemical energy must be 
either released or absorbed. 

When a compound is decomposed into its constituent elements, the 
amount of heat absorbed or liberated is exactly the same as that which 
was evolved or absorbed in the original formation of the compound. 
When both combination and decomposition are involved in a complex 
chemical change, the heat liberated or absorbed is the net result of the 
two reactions. 

Example. — ^WThen water is decomposed, see equations below (Fig. 
145), by any process whatsoever, into oxygen and hydrogen, heat energy 
is absorbed. When oxygen and hydrogen combine (Fig. 146), as in 
combustion, much heat energy is liberated. 

158. Thermochemical Equations are equations which show 
not only the chemical reaction of a process but which also 
show the amount of heat absorbed on liberated by the process; 
examples follow. The subject can be considered only very 
briefly here; for further information see some good modern 
textbook on chemistry. In the following equations, which are 
merely the records of many experiments, each symbol stands 
for a chemical element thus: G — carbon. O = oxygen. 
Cl = chlorine. Now a chemical equation is: 

(84) C + O 2 == CO 2 ■ 

which means that 1 atom of carbon, a solid, will combine with 
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2 atoms of oxygen, a gas, to form one molecule of carbon 
dioxide gas. A corresponding thermochemical equation is: 

(85) 1 Tb, C + 2H O = CO 2 + 14,650 

which means that 1 lb. of carbon will combine with 2^'^ lb. of 
oxygen gas and form 3% lb. of carbon dioxide gas and further- 
more that durifig this process 14,650 B.t.u. of heat energy 
will be liberated. If 2 lb. of carbon combined with lb. 
of oxygen the result would be 73''^ lb. of carbon dioxide gas 
and the liberation of 29,300 B.t.u., and so on. The chemistry 
books show that an atom of oxygen weighs times as much 
as an atom of carbon. This means that (since two atoms of 
oxygen will combine with one atom of carbon) the weight of 
oxygen necessary in For. (85) will be : 2X13^^ = 2^^ times the 
Weight of carbon required. Note that the weight of the re- 
sulting substance lb. of C 02 ^^ is the sum of the weights 

of the two original substances. The energy, obviously, has 
no weighty Fors. (84) and (85) are very important to the 
steam engineer since they show the underlying reaction for the 
chemical process of the combustion or burning of fuels. 
Combustion is further discussed in Biv. 14, which see. 

Examples of other chemical and thermochemical formulas are : 

(86) 2H2O = 2H2 -h O2 

which means that 2 molecules of water (H 2 O), each composed of 2 atoms 
of hydrogen and 1 atom of oxygen can be decomposed into 4 atoms of 
hydrogen, a gas, and 2 atoms of oxygen, a gas. A corresponding thermo- 
chemical equation is: 

(87) 9 lb, H 2 O = 1 Z6. H + 8 Z6. jD - 62,100 

which means that 9 lb. of water when chemically decomposed will 
furnish 1 lb. of hydrogen gas, 8 lb. of oxygen gas and, in addition, that 
62,100 B.t.u. of energy must be supplied to effect the decomposition. 
The minus sign (— ) preceding the “62,100" means that this amount of 
heat energy must be added. A plus sign (+) in the same position 
means that energy will be liberated during the reaction. That is: 

( 88 ) 2H2 4 - O2 -= 2H2O 

or stating the corresponding thermochemical equation: 

(89) 1 Z6. H 4- 8 Z6. O == 9 lb. H 2 O 4- 62,100 B.t.u. 

which means that if 1 lb. of hydrogen and 8 lb. of oxygen are combined 
to form 9 lb. of water, 62,100 B.t.u. will be liberated by the reaction. 
Note that For. (89) is the reverse of For. (87). 
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Note. — The Rate At Which A Givei^ Chemical. Process Is Al- 
lowed To Proceed Has No Iotlcence Om The Total Amoun-t Of 
Heat Absorbed Or X/Iberated Therebt. — Thus, a piece of iron may be 
permitted to ‘‘burn” slowly by rusting away in many months by com- 
bining with the oxygen of the air. Or instead it may be permitted, to 
l:>urn away very rapidly — ^in a fraction of a minute — ^in pure oxygen gas. 
But in each case the total amount of heat liberated by the combination 
of the iron with the oxygen will be the same. 

159. “Expansion’* Is An Effect Of Increased Molecular 
Motion in a body of matter. (See I>iv. 7 for extended dis- 
cussion.) When the temperature of a body is increased, it 
expands or increases in size, for the following reason: The 
molecules of a substance (Sec. 46) are not in actual contact. 
They are in motion, constantly vibrating — chitting one another 
and rebounding. When their vibratory motion is increased — 
when the temperature increases — they bounce further away 
from one another. Thus, there is a tendency to increase the 
average distance between the molecules. The cumulative 
effect is an expansion of the whole mass of the substance which 
they form. But addition of heat is the real cause of the pheno- 
mena, since molecular vibration 
(Sec, 52) is heat. However, ad- 
dition of heat does not always 
i.w o , (Sec. 54 and 187) cause a tem- 

perature increase and expansion. 


Fig. 147. — Work done by expansion. Fig. 148. — ^Addition of heat expands metals. 

Kxample. — A bar of copper (B, Figs, 147 and 148) is longer when hot 
thtin when cold. 

160. “Contraction” Is An. Effect Of Decreased Molecular 
Motion In A Body Of Matter. — -It is the reverse (Sec. 159) of 
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expansion. Contraction is manifested by a decrease in the 
size of the body. When the temperature of a body decreases 
it contracts. The decrease of temperature of a substance 
consists, essentially, in a diminishment of the vibration of the 
molecules of the substance. As the vibratory motion of the 
molecules diminishes, the average distance between them (Sec. 



Fig- 149. — The ball will pass tbrough. Fia. 150. — Raising a weight by heating 

the ring when the ball is cold, but will not and cooling a rod, 

pass through when it is hot. 

52) likewise diminishes. The cumulative eEect is a contrac- 
tion of the entire body of matter which the molecules form. 

ExAMPiiBs. — See Fig. 149. Also, a steel collar may be bored to a 
slightly smaller internal diameter than the outside diameter of a steel 
shaft. Thus it will be impossible to 
slip the collar over the shaft when 
both are at normal temperature. But 
the collar may be heated. The ac- 


Fig, 151- — Work done by expansion of gas. Fig. 152. — Addition of heat causes 

the air to expand and thus increases 
its volume. 

eompanying expansion will then enlarge its bore until it can be readily 
slipped over the shaft. If it is then permitted to cool to the temperature 
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of the shaft, the collar will gradually contract and will finally grip the 
shaft so tightly as to be immovable. 

Note.^ — External Work May Be Performed, Through The Expan- 
sion And Contraction Of Materials, By Direct Applications Op 
Heat. — A copper bar (Fig. 147) is heated by the flame of a blow-torch. 
The bar is thereby expanded and lifts a block, of W lb. weight, a distance 
of L in. The external work performed by the applied heat, in lifting the 
block, may, therefore, be expressed as WE in.-lb. = 1,000 X 0.02 — 20 
in.-lh. By alternately heating and cooling the rod It (Fig. 150) the 
ratchet-wheel could be rotated. External work in raising the weight W, 
might thus be performed by the heat energy transferred from the flame 
to the bar. 

Applying heat to a confined gas (Fig. 151) increases the volume of the 
gas. The gas expands and raises the piston. Thus the heat energy 
which is transferred from the applied flame is, through the expansion of the 
gas transmitted into external mechanical work. In Fig. 152, the addi- 
tion of heat to the air in A expands the air, as is shown by the bubbles 
coming out of the water in B, thus external work is done in forcing out 
the air globules against the force of atmospheric pressure. 

161. “Melting” Or “Fusion” Is The Transition Of A 

Substance From The Solid To The Liquid State. (Fig. 153.) 
There is, for practically every solid, a 
certain temperature at which that solid 
will melt. This temperature is called the 
melting-point or the fusing-point of the 
substance- See Table 285. Furthermore, 
heat (positive disgregation heat. Sec. 103) 
is always required to effect the change from 
solid to liquid form. Thus, melting is an 
effect of heat addition. This subject is 
discussed fuUy in Div. 9. 153 .— Mating iea,d. 

Note. — '‘Solidification^^ Is The Opposite Op "Melting.^' It is 
the transition of a substance from the liquid to the solid state. Heat 
(negative disgregation heat) must be given up by it when a body solidifies. 
Hence solidification is an effect of heat abstraction. 

162. “Vaporization” Is The Transition Of A Substance 
From The Liquid State To The Vapor Form Of The Gaseous 
State (Figs. 154 and 155). In general, there is a certain tem- 
perature (depending on the pressure on the liquid) for each 
substance at which that substance vaporizes. This tempera- 
ture is commonly called the point of vaporization or boiling 
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paint of the particular substance. Furthermore, heat (posi- 
tive disgregation heat, Sec. 104) must always be added to it 
to change a substance from the liquid to the gaseous state. 

Hence, vaporization is an effect 
of heat. This subject is fully 
discussed in Hiv. 10. 

Note. — “Liquefaction” Ob “Con- 
densation” Is The Opposite Of 
Vaporization. — It is the transition 
of a substance from the vapor form 
of the gaseous state to the liquid state. 
( In general parlance “condensation” 
means the reduction of a vapor or 
gas to the liquid or solid state or of a 
liquid to a solid or semi-solid state. 
But in technical usage the term is 
usually now employed to imply only 
“the reduction of a vapor to the 
liquid state.”) Heat — ^negative dis- 
gregation heat — must be given up by 
. . it when a vapor liquefies. Hence, 

Pia. 154. — Vaporization is the transition ^ i . 

from a liquid to a gaseous conditiou. liquefaction IS an effect of )ieat 

abstraction. 

Note. — Melting And Vaporization Are Called Constant-tem- 
perature Processes because the heat required to effect them is expended 
in disgregation work (Sec. 98) and not in vibration work (Sec. 97) which 
would raise the temperature. 

£Iecfr/ccf/ Conrfecth /?- — .j.. 

— — ' 

/iecftmg' Co/A.^ 

ZvQpororfmgf^ Ajp. 

D/sh->.^ J.jgru/cr 
^atS- \ |^| 



Impure-,^ 




\..^A rjc.’^/. • ' /-f^r 

_ ^ . .. _ r nr- Sublimoition 

(Air iJzt Atcce/erarfes Ercrporcrf/onJ fE/ectrIcof/ Energr^ (Purz Cr^sfcf/s For^r? O/? Furr/z/) 
( BoI/5 liq^uiof J 

Fig. 155. — Laboratory methods of vaporization and sublimation. 


When a block of ice melts to water, the temperature of the resulting 
water will (Sec. 96) be that of the original block of ice. A great quantity 
of heat — positive disgregation heat — has, nevertheless, been absorbed 
in this process of fusioxi. Conversely, when a liquid substance solidifies, 
negative disgregation heat is given up by it. 
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Water may be converted to steam (Fig, 156} withLOiiti a change of 
temperature (Sec. 96). Or steam may be condensed to water (Fig. 157) 
(Sec. 329) without a change of temperature. In the first instance, 
however, the process can be consummated only by addition of a relatively- 



great quantity of “positive” disgregation heat 
and in the second instance only by a correspond- 
ing subtraction of ^^negative” disgregation 
heat. 



H Woffer 


Fia. 156 , — Change from 
liquid to gas with tempera- 
ture constant but with ad- 
dition of heat. This process 
may be reversed. 


Fio. 157. — The condenser. The heat added to 
water in the boilers to convert it to steam is given 
up in the condenser to the cooling water. Thereby, 
the steam is reconverted into water. 


163. Sublimation Is The Direct Transition Of A Substance 
Which Is In The Solid State To Its Vapor Form Of The 
Gaseous State, without its, apparently, passing through the 
liquid state. All solid substances sublime (theoretically at 
least) at any temperature. The process is somewhat similar 
to, but not the same as, vaporization; see explanation below. 
In general, sublimation is a very much slower process than is 
vaporization. Obviously, sublimation can occur only at 
temperatures below the freezing point — or melting point. 
Thus the molecules of a solid substance 
are found in the vaporous condition above 
the surface of a solid as well as above 
that of a liquid. Sublimation is of minor 
practical importance in power-plant work 
but is widely used in the chemical indus- 
try as a method of purification. 

Examples. — Snow And Ice Will Sublime 
even though the temperature of the surrounding 
air is considerably below the freezing point — so 
low that the snow or ice can not melt. * Damp clothing, which have been 
hung on a line out-of-doors and then frozen, will become dry in a ireezing 


SoZ/c/ / V - * / i 1 T/oc/Zne 
lo^rne ^ ^ ^ J , 1 rGors 


V V/afch \ 
rci!7ie--^r , ( Crystal-’ 


Fig. 158. — Some solids 
may change to gas with- 
out becoming liquid. 
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bemperatiixe- If a piece of solid iodine (Fig. 158) is placed on a watch, 
crystal, and Feat is applied, the iodine will sublime directly into a vapor. 
It will not, apparently, undergo a preliminary liquefaction. The odor 
of camphor will, due to the sublimation of the camphor, be quickly 
recognized, some distance away, if a quantity of camphor gum be exposed 
in a current of air. In general, odors of all sorts, from solid bodies, are 
evidences of sublimation. 

Explanation Of Sublimation. — molecule which is very near the 
surface of a solid body may bounce entirely out of it (Fig. 287) without 
colliding with others. Since such an escaping molecule is already moving 
at an extremely high velocity, it continues in its now unobstructed path. 
Soon, it flies so far away from the body that the remaining molecules (in 
the solid substance) exert no attractive force on the insurgent. The 
molecule, now being free of the restraints which were imposed on it in the 
solid, becomes a gas or vapor molecule. 

164. The ‘^Heat Of Sublimation,^’ sometimes alho called 
the latent heat of sublimation, is the amount of heat — usually- 
expressed in British thermal units — ^required to sublime, or to 
convert into a vapor, a unit weight — ^usually 1 lb. — of the solid. 
The heat of sublimation can be conveniently calculated as the 
difference between the heat content of the solid and that of the 
vapor. .At the triple point for the substance (which is that 
temperature and pressure at which a substance can exist in 
either the solid, the liquid, or the gaseous state) it is true that: 
(90) Heat of sublimation = {Latent heat of fusion) +• {Latent 

heat of vaporization) 

The above For. (90) will also hold quite closely for any tem- 
perature of the solid near the triple-point temperature. More 
accurately, for any given temperature of the solid, the heat of 
sublimation is (very closely) the same as the net amount 
of heat that is necessary to: (1) Warm the solid to its melting 
point, {2) Melt the solid. (Z) Vaporize the resulting liquid. (4) 
Decrease the temperature of the resulting vapor from that of the 
vaporization to the given temperature at a constant quality of 100 
per cent. This heat to decrease the temperature is a sub- 
str action — not an addition. 

Example. — At 32° F., the latent heat of vaporization for water is 
1,073.4 B.t.u. per lb., as is shown by steam Table 394. The latent heat of 
fusion of ice, from Table 291 is 143,33. What is the heat of sublimation 
of ice at this temperature? Solution. — Substituting in For. (90): Heat 
of sublimation ~ {Latent heat of fusion) -f- {Latent heat of vaporization') == 
143.3 + 1,073.4 = 1,216.7 BXu. per lb. 
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166. Viscosity Is The Internal Friction Of Liquid, Semi- 
liquid, Or Plastic Substances. — It occurs as the molecules 
flow by one another. Every substance possesses this internal 
friction in some degree. Practically all solid substances, 
acquire, when heated, a tendency to flow. That is, their 
viscosities decrease as their temperatures increase; they 
become liquid, semi-liquid, or more or less plastic. The 
viscosities increase as the temperatures diminish. Thus a 
change of viscosity is an effect of heat. 

Note. — The PLowma Tenden-cy — The Difference In Viscosity — 
Of Stjbstan-ces Is, Obviously, The Chief Difference, Between 
Solids And Fluids. Is is commonly assumed that: A fluid is any 
substance that exhibits a definite flow to ordinary observation. By this 
definition, both the molten iron gushing freely from the tap-hole of a 
foundry cupola, and the stream of thick slag rolling ponderously and 
sluggishly from the slag-hole, are fluids. Likewise, this definition of a 
fluid includes all gaseous substances. However, the definition eliminates 
from consideration all apparently plastic substances, as masses of 
beeswax, moist putty, building mortar, and, the like. 

Examples. — wax candle (Fig. 159), whether held horizontally or 
vertically, will ultimately bend under its own weight in a warm room; it is 
highly viscous. A mass of relatively cold pitch, 
apparently hard, is likewise susceptible to 
changes of shape, due to its own weight. 

Bodies of other viscous substances such as 
molasses, honey, tar, oil and similar substances, 
undergo changes of shape somewhat in the 
manner of true liquids, as water, though less 
rapidly. A mass of solid lead, at normal tem- 
perature, will flow when subjected to pressure. 

166. The Viscosity Of A Substance 
Varies With Its Temperature. — The 
higher the temperature the less the 
viscosity. The wax of a candle (Fig. 

159) IS, normally, quite viscous. It becomes soft in s. warm 
may, however, be readily heated to a room, 
temperature that will vastly diminish its 

viscosity. Under a very high temperature the wax will become 
extremely thin and fluid. The viscosity of lubricating oils 
likewise varies, though to a far less extent, as the temperature 
varies. The quantitative effect of temperature on viscosity 
varies with the different materials. 
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Note. — Mobility Is, In A Sense, The Opposite Of Viscosity. — 
A very thin liquid, that pours readily and splashes freely, is said to possess 
mohility. 

167. The Specific Viscosity Of A Liquid is the ratio of the 
time consumed by a certain volume of the liquid (Fig. 160), 
at F., in flowing through an orifice, to the time consumed 
by an equal volume of distilled water in flowing, under the 



Fig. 160. — Showing difiference in visoosity 
of oil and water. 



of hot and cold material. 


same conditions, through an orifice of the same dimensions. 
The quantity of the liquid is usually taken as 50 c.c. (cubic 
centimeters) . 

Note. — The Temperature In Viscosity Tests is often taken at 
other than 60° F. It may be 120° F. For many purposes, 212° F. 
may be a convenient test temperature. When a lubricating oil is intended 
for an engine cylinder using superheated steam, or for an internal- 
combustion engine, the test temperature is correspondingly high. It is 
important that viscosity tests of lubricating oils (Fig. 161) be made at 
the temperatures under which the oils are to be used. 

168. Many Solid Substances Possess The Property Of 
Absorbing Or Liberating Gaseous Substances. — Temperature 
— ^the degree of heat — is often a determining factor in these 
phenomena. A solids’ capacity for absorbing a gas is generally 
less when the solid is hot than when it is cold. Heat is often 
liberated by the absorption of a gas by a solid. 

Examples. — A fine platinum wire, held in a mixture of hydrogen and 
Ksygen gases will absorb the oxygen very rapidly. The wire will, 
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spontaneously become heated to incandescense and will finally ignite the 
surrounding gas; see explanation below. Endeavors have been made to 
utilize this principle (Figs. 162 and 163) in the making of gas-lighters. 

A quantity of wood charcoal (Fig. 164) will absorb a quantity of gas 
which, normally, may occupy many times the volume of the charcoah 
Boxwood charcoal will absorb a volume of ammonia equal to 90 times its 
own volume. Likewise, it will absorb 35 times its own volume of carbon 
dioxide. 



Pig. 162 , — A gas lighter. Platintim 
black glows due to gas absorption. Plati- 
num wire is thereby heated, becomes in- 
candescent and Hghts gas. 



ExpiiAiSTATiON. — It is claimed that all solid substances will, at their 
surfaces, exert an attraction on the molecules of gases with which they 
are in contact and that this attraction is of such a nature that a more or 
less thick layer of the gas is condensed on the surface of the solid. Thus, 
solids such as charcoal, which because of its porous structure exhibits a 
large external surface, will '‘absorb'^ more gas than structurally dense 
solids. The attractions of the molecules of different solids and different 
gases are not the same. Freshly made dogwood charcoal (used in making 
the best gunpowder), when pulverized immediately after its preparation, 
often takes fire spontaneously on account of the heat liberation which 
accompanies the condensation on its surfaces of oxygen from the air. 
Likewise, when platinum in a finely 
divided state known as 'platinum 
hlach (Fig. 162) is placed in a 
mixture of oxygen and hydrogen, 
the oxygen rapidly condenses on 
its surface and gives up its latent 
heat of vaporization (Sec. 322). 

This raises the temperature of the 
surrounding particles of gas to the 
point where they combine slowly. 

This slow burning, however, gives 
off much heat to the surrounding 
particles. Hence, the temperature of the gaseous mixture quickly 
reaches a value which explodes the mixture. 
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Fig. 164. — Illustrating absorption of a gas 
by a solid. 
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Note. — ^The Gas- absorptive Propertt Of CHARCOAii Renders It 
Vale ABLE For Counteracting The Noxious Effects Of Gases 
Resulting From Animal And Vegetable Decay. — It is commonly used 
for clarifying the air in the holds of sea-going vessels, and in tunnels. 
Charcoal made from nut shells is extensively used in gas masks for absorb- 
ing poisonous gases. 






Temp, in Degrees foihrenheit 

Fig. 166. — Showing effect of heat on 
-mount of ammonia gas held in a wa 
olution. (Plotted from values in Mar: 
'‘Mechanical Engineers’ Handbook.”) 


Examples. — Ammonia gas is read 
Che resultant mixture is known 
ammonia water). Boiling will exp 
lia. These principles are utilized (£ 
•efrigerating systems. Water (Fig. 
ess, with air. Slow heatine: of a au 
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small bubbles to appear. These are due to release of air from the liquid. 
Fish breath air from the water' in which they live. 

Note. — Pke-expttlston Op Oxygen And Other Gases From The 
Boiler Feed Water In Power Plants Is Often Necessary, — Such 
gases might otherwise become distilled from the 
water after it enters the boilers. Thus they 
would be rendered free to form corrosive acids 
within the boilers. By preheating the feed- 
water (Fig. 169) much deleterious gas may be 
driven off. 

170. Many Solids Are Soltible In 
Liquids. — If a small permanganate-of- 
potash crystal is dropped into a vessel 
of water, the adjacent water will, im- 
mediately, become colored. By degrees, 
all of the water will become colored. 

The crystal has dissolved in the water. 

Similarly, if sugar crystals be placed in a 
tumbler of water, they will dissolve 
therein. The water will become sweet. 

Heat is usually liberated or absorbed 
while a solid goes into solution in a liquid. Hence, solution is 
an effect of heat. 

Examples. — Water is a solvent for a greater number of different solids 
than any other known liquid. Alcohol is a solvent for some solids for 



warm, small air bubbles 
will cling to surface of 
glass. Air was in solution. 


^ 0 20 50 ^ 40 50 
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Fig. 169. — Showing effect of heat ou amount of oxygen held in a water solution. 

which water is not. Thus, resin and shellac dissolve readily in alcohol 
but not at all in water. Most greases are soluble in benzine. Beeswax is 
soluble only in turpentine. Sulphur is soluble in carbon bisulphide. 
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171. The Quantity Of A Solid Which A Given Liquid Will 
Dissolve Is Determined By The Nature Of The Substances 
And Their Temperatures (Fig. 170). Water will dissolve 



;q ic *: m K eo ic sc 90 
Temp, in Degrees Cent. 


Fio. 170. — Showing the effect of heat on the solubility of various salts in water. (Froa 
Smithsonian Physical Table.) 



about three times as much table salt as will alcohol. When a 
liquid, at a certain temperature, has dissolved all of a certain 
solid which it will absorb, it will, generally, dissolve more 



Sec. 172] 


EFFECTS OF HEAT 


149 


(although sometimes less) of the solid if the temperature of the 
liquid is increased (Fig. 171). The effect of variations in 
temperature on the solubility of various solids in water is 
shown graphically in Fig. 172. It will be noted that common 
salt (sodium chloride) has an almost constant solubility. The 
rate of dissolving of salt is, of course, much gi-eater at a higher 
temperature. Also, the rate of dissolution (rapidity of dis- 
solving) may usually be increased considerably by raising the 
temperature. 

Note. — A Saturated Solution exists when a liquid has dissolved all 
of a substance which it will absorb from the solid form at that tempera- 
ture. The solution is then said to be saturated. 

172. Dissolving Solids In Diquids Often Causes A Tem- 
perature Change. — When there is a temperature change there 
is usually a volume change also. That is, the solution will 
occupy a different volume from the sum of the volumes of the 
solid and original liquid. Sometimes heat is absorbed; 
sometimes it is given off. The volume of the solution may be 
greater or less than the sum of the volumes of the solid and 
original liquid. Some substances dissolve or unite with water 
with the liberation of much heat. When this occurs, a well- 
defined chemical reaction has usually occurred. 

173. The Vapor Issuing From A Hot Solution Is, Generally, 
Free From Solid Matter. — ^The solids are left in solution in 
the containing vessel. Hence, if all of the liquid content of a 
solution is boiled away, the total solid portion may thereby 
be recovered. This phenomena is of considerable importance 
in power-plant operation. The solids which are carried in 
solution in the boiler feed water are deposited on the interior 
of the boiler shell as the water is evaporated and passes away 
as steam. Similar solid-matter deposits occur in condensers. 
A somewhat similar phenomena is distillation, (Sec. 345). 

Note. — Some Solids Are Held More Readily In Cold-water 
Solutions Than Hot-water Solutions. — This is an additional cause of 
solid-matter deposits in steam-generating vessels. Thus, natural waters 
frequently contain calcium bicarbonate which, when heated to about 
212“^ F., decomposes giving calcium carbonate, a relatively insoluble sub- 
stance. The calcium carbonate collects on the interior surfaces of the 
vessel forming a spongy solid mass. Another salt, calcium sulphate, 
comes less soluble when heated to about 300° F. than when cold. If, 
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due to evaporation, a solution becomes concentrated with calcium sul- 
phate, this salt will settle as a hard, porcelain-like coating inside the 
boiler — ^it is very difficult to remove and o:ffers great resistance to the 
passage of heat through it. 

174. ^‘Scale’’ Is The Hard Substance Which Forms On 
The Interior Surfaces Of Boilers And Power-plant Auxiliaries 
Which Carry Hot Water. — Scale is formed (Sec. 345) by 
precipitation and hardening of the solids 
(salts) carried in the cold, or relatively cold, 
feed water. Scale is usually formed from 
^^hard^' water. Hard water may be de- 
fined as water which contains in solution 
mineral compounds that curdle or precipi- 
tate soap when soap is added to the waterc 
Important among the many scale-forming 
solids found in boiler-feed and condensing 
waters are calcium sulphate, calcium car- 
bonate, magnesium sulphate, and magnesium carbonate. 

Note. — When Sxtccessivb Increments Of The Above Specified 
Solids Are Precipitated in a containing vessel, as a steam boiler, they 
become cemented (Fig. 173), by absorption of heat from the heating 
surfaces, into a solid and more or less hard coating of scale. Such scale 
clings tenaciously to the metal surfaces. Since scale is a very poor 
conductor of heat, it affects economy very adversely. This subject is 
further treated in the author's Steam Boilers. 

176. Heat Energy May Be Transformed Directly Into 
Electrical Energy. — When two dissimilar metals, as anti- 
mony and bismuth, are placed in contact, an electromotive 
force develops at their junction. If the two metals be con- 
nected to form a closed circuit (all parts of the circuit being 
at the same temperature), electromotive forces will also be 
produced at the other junctions of dissimilar metals and the 
sum of all electromotive forces in the circuit will be zero — 
hence no current will flow in the circuit. But if one junction 
of the dissimilar metals is heated, as in Fig. 174, a decidedly 
larger electromotive force will be developed at that junction. 
A current will then flow in the circuit. 

Note. — Except In The Construction Of Pyrometers (Fig. 175) 
There Are Few Practical Applications Of The Electrical Effect 





Fio. 173. — Section of 
tube from fi r e-t u b e 
boiler showing deposit of 
scale around it — due to 
heat. 
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Of Heat. — The current flowing (Fig. 175) is an indication of the differ- 
ence in temperature between the hot joint, H, and the cold joint, C. If a 
suflacient number of thermo-couple cells (Fig. 174) be connected in series, 
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Fig. 174. — The thermopile. 
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Fig. 175. — Principle of the 
thermo-couple electric pyrom- 
eter for measuring high tem- 
peratures. 


the resulting battery will furnish enough energy to heat, to incandescence, 
the filament of a small electric lamp. 


176. Light May Be Regarded As An Effect Of Heat. — It is 
the visible criterion of radiant energy (Sec. 31). Hence, 
since radiant energy is emitted only by hot bodies, heat may 
be considered as a fundamental source of light. Light waves 
can be shown to also carry radiant heat. This may be shown 
by causing the light to impinge upon surfaces which possess 
certain qualities. A black surface is the best absorber of light. 
A black surface is always found to absorb heat as it absorbs 
light. 

177. “Radiant Energy’’ Is A Vibratory Motion In The 
.®ther, — When an object is heated, the molecules which 
compose it are made to vibrate more rapidly. These particles, 
being in contact with the sether, set it in motion. Thus, the 
vibrations are transmitted away from the object as radiant 
energy. Heat which is transmitted by radiation is radiant 
heat. See Sec. 138 for a further discussion of this subject. 


Kxajviples. — The heat which reaches the earth from the sun is radiant 
heat. A hot stove will radiate heat. The radiant heat from the sun 
will warm the interior of a greenhouse, even Avhen the outside air is cold. 
This proves that the sun’s radiant heat is transmitted through the sother 
rather than through the air. Radiant energy (light or heat j will cause a 
radiometer (Fig, 176) to rotate. 
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178. Radiant Energy May Be Said To Be Visible Or 
Invisible according to the length, of its wave in the aether. 
Waves in the ^ther may be thought of as similar to the waves 

which travel along the surface of a pool 
of quiet water when a pebble is dropped 
into it. The wave length (see Table 19) 
is the distance from the crest of one wave 
to the crest of the next. ^ther waves 
have different wave lengths. Waves of 
lengths from about >-^ 4,000 to >'^ 2.000 
in. act upon the nerves of the eye and 
thereby produce the sensation of sight. 

Fia. 176- — ^Light from the sun or even from a candle 
will cause the radiometer to rotate. The aluminum 
vanes are coated on one side with lamp black which is 
a good absorber of radiant energy. If only a slight 
vacuum exists in the bulb, the vanes will so rotate that 
the blackened sides move toward the light. The explan- 
ation of this action is: The black faces absorb radiant 
energy and are heated thereby. The air immediately 
adjacent to these black faces is also heated. The heated 
air rises by convection and thus causes a slightly smaller 
pressure on the black face of a vane than on its bright 
face. This slight difference of pressure causes rotation. 
But if the bulb is very well exhausted, its rotation will be 
such that the blackened faces move away from the light. 
The explanation of this action is too lengthy to be given 
here; the reader is referred to a good textbook on physics. 

Such are called light waves. Heat waves are longer than light 
waves varying in length from about 3=<3 2.ooo "to M.ooo in. 

Note. — Waves Shorter Than J^4,ooo In. Do Not Affect The 
Eye-nerves, hence they are invisible. But some of these short waves 
will cause certain chemical actions — ^they will cause reactions in the coat- 
ing on a photographic plate. These invisible short waves are called 
ultra-violet waves. 

Note. — Light-, Heat- and Electric-waves Are All ^ther Waves 
AND All Travel At The Same Speed, which is about 186,000 mi. per 
sec. But they differ in wave length, that is, in frequency. Electrical, 
or wireless-telegraph and telephone waves are much longer (they may 
be several miles long) than heat-waves. However, they possess the 
same general characteristics. Herein is evidenced the close connection 
between — or possibly the fundamental identity of — light, heat, and 
electricity. See the Author’s Practical Electric Illumination for 
a further and detailed explanation of the transmission of radiant energy 
through the aether. 


Partial 

Alurnmum . Vacuum 
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179. Table Showing The Wave Lengths Of Radiant Energy.— Waves shorter, even than those here 
listed are radiated in the form of X- and gamma rays. (From the Smithsonian Tables.) 
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To long to be Infra-red (heat) longest.,,,. 0,03 0.012 86. 990,000,000,000 

visible Electric (wireless), shortest. 0.2 0.079 13. 150,000,000,000 

Electric (wireless), longest.. 1,000,000. 390,000. 0.000.002 30,000 
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180. Different Wave Lengths Cause Different Color Sensa- 

tions. — See Table 179. When the vibrations of the particles 
of a heated substance become so frequent that 400,000,000^000- 
000 waves are transmitted per second (wave length = about 
J"^4 j 0 0 0 color sensation of red results. If the sub- 

stance is heated to higher temperatures, its molecules vibrate 
still more rapidly as its temperature increases. Its colors 
then successively are: (1) Red. (2) Blood Red. (3) Dark 
Cherry. (4) Medium Cherry. (5) Cherry or Full Red. (6) 
Bright Red. (7) Salmon. (8) Orange. (9) Lemon. (10) 
Light yellow. (11) Straw. (12) Light straw. (13) White. 
jEach color corresponds to a certain temperature as shown in 
Table 63. These colors are utilized as temperature indica- 
tion in tempering steel. 

Note. — ^Wbcen A Beam Or Sun Light Is Broken Up Into Its Dip- 
pBRENT Component Colors, By The Interposition Of A Glass 
Prism in its path, the colors in the resulting spectrum appear (Table 179), 
in a descending progression as to wave-length, as red, orange, yellow, 
green, blue, indigo, and violet. This shows that the light emitted by the 
sun is due to waves of all visible lengths. We know, from common 
observation, that heat waves are also radiated from the sun. It has 
also been shown by careful experiments that all ‘Uight^' waves are, at 
the same time, radiant '''heat^’ waves — that is, that all light waves will 
heat a substance in which they are absorbed. 

181. The Specific Purpose Of All Forms Of Illuminating 
Devices, Or Lamps, Is To Disseminate Mth^ex Waves. — 
In the design of lamps it is particularly sought to secure a 
maximum of lighting effect with a minimum accompaniment of 
heat. Perfection in the operation of a lamp would be attained 
if it emitted light waves only without heat waves. Since, 
however, light waves are at the same time heat waves, the 
desired result has never been realized. Issuance of light with 
practically no liberation of heat may be observed in the physio- 
logical processes of the glowworm and firefly, and in certain 
other phosphorescent phenomena. In these, the rate at which 
the heat is liberated is so slow that the temperature, of the so- 
called heatless light sources, remain low. But artificial 
duplication of these natural processes, upon a commercially 
practicable scale now appears to be unattainable. 
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Note. — Ordikaky Kerosene Lamp, gives off as light (luminous 
radiant energy) only about 0.04 per cent, of the available energy in the 
oil. The remaining energy is dissipated in the surrounding air as non- 
luminous, radiant energy and in heating the air by conduction. Carbon- 
filament electric lamps give out, as light, only about 0.4 per cent, of the 
electrical energy which they consume. Gas-filled hlazda lamps give out 
about 3.0 per cent. Some highly efiGicient arc-lamps give out as light 
7.0 per cent, of the total electrical energy which they consume; the 
remainder, 93 per cent., is given out as heat which warms the 
surrounding atmosphere and objects. 

Note. — The Efficiency Op A Lamp Obi>inariey Increases As The 
Temperature Of The Ieeuminating Element Increases. — The 
filament-temperature in a gas-filled electric lamp is much higher than in 
any other type of electric filament lamp. This accounts for its rela- 
tively high eflnlciency. 

Note. — Momentary Reductions Of The Voltage Which Oper- 
ates An Electric Lamp Results In Corresponding Momentary 
Diminishments Of Its Lighting Effect. — ^A small voltage-diminish- 
ment produces a considerable decrease in lighting effect. Such fluctua- 
tions of emitted light are due directly to the very slight decreases in 
filament-temperature which attend the momentary drop of voltage. 
On the other hand if the temperature of the filament is kept higher than 
that for which it was designed, the '4ife’^ of the lamp will be greatly 
curtailed. Hence the importance of maintaining the filaments at as 
high — ^but at no higher — a working temperature as is consistent with 
considerations of durability is evident. This subject is discussed fully 
in the author’s Practical Electrical Illumination and American 
Electricians’ Handbook. 

182. If The Temperattire Of An Electrical Conductor Be 
Increased^ Its Resistance To Current Flow Will Generally 
Be Increased. — Thus the power available at the receiving end 
of a transmission line may decrease as the temperature of its 
conductors increases. This principle is utilized in certain 
temperature-measuring instruments. See Sec. 669 for a 
description of a resistance pyrometer. 

Note. — ^The Attractive Force Of A Perimanent Magnet is 
decreased by applications of heat. Thus if a horseshoe magnet is heated 
its magnetic strength is decreased. This effect of heat can be verified 
by the following simple experiment: Take an ordinary darning needle 
and stroke it over a permanent magnet a few times. The darning needle 
will then attract other needles; that is, it has been magnetized. If the 
needle is then heated in a flame to a red heat and allowed to cool, it 
will be found that it does not attract other needles anymore; hence it 
has lost its magnetism. 



183. Table Showing Strengths Of Metals At Various Temperatures.— The strength of the metal at 
70° P. is taken as the basis for comparison. These data are plotted into the graphs of Mgs. 177 
and 178. 
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Strengths at different temperatures (Fahrenheit) 
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184. The Strengths Of Metals May And Generally Do 
Vary With Their Temperatures. — High temperatures (Table 
183 — Figs. 177 and 178) generally reduce the strengths of metals. 



Fiq. 177. — Showing percentage varia- 
tion in strength of different metals with 
variation in temperature. (Values com- 
puted from those of Fig. 178.) 



Fig. 178. — Graph showing variation of 
strengths of metals as temperature 
rises. (Plotted from values in MACHmEBv’a 
Hjlnubook, p. 300.) 


But low temperatures may also produce weakening effects; 
a free 2 :ing temperature (32® F.) renders steel, very brittle. 
Other metals also become extremely brittle at low temperature. 


QtTESTIOISrS ON DIVISION 6 

1. What are the three possible effects of adding heat to a substance or abstracting 
heat from it? 

2. What is a property of a substance. Name several properties. Can properties be 
changed? 

3. Define a process. Give several examples of processed. 

4. What is a physical process? Give several examples. In this division, what phys- 
ical processes are discussed? 

5. Explain the difference between a reversible and an irreversible physical process 
and give examples of each. Into which class do most physical processes fall? 

6. What is a chemical process? What four general types of chemical process are 
there? Explain each and give examples. 

7. Explain wliat heat effects may accompany chemical reactions. Give examples. 

8. Define dissociation. What is the difference between a dissociation and a decom- 
position? Give examples to illustrate the difference. 

9. What causes a body to expand? Explain. 

10. What is contractionf 

11. How may expansion of materials be utilized for doing work? Describe two 
examples in full. 

12. What is melting? Fusingf 

13. What is the transition of a substance from liquid to vapor called? 

14. Does the temperature of a substance change while the substance is in process of 
melting? While in process of vaporization? 

15. Does melting or vaporization of a substance require absorption of additional heat 
by the substance? 

16. Give some examples of the sublimation of solids. 

17. Explain what happens when a solid sublimes. 
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IS. 'Wh.at is viscosity? 

19. How is a solid distingxiished from a liquid? 

20. What is the e:ffect of temperature upon the viscosity of a substance? 

21- How does a liquid manifest m.ohiliiy? 

22. What, in general, is specific viscosity? 

23. At what temperatures are the specific viscosities of substances defined? 

24. How does temperature affect the gas-absorptive property of solids? 

25. Explain fully how gases are absorbed in solids- 

26. Give examples and uses of gas-absorptive solids. 

27. State the phenomena by which the gas-absorptive property of liquids may be 
demonstrated. 

28. What liquid is it that will dissolve a greater number of different solids than any 
others? Name other solvents. 

29. TJpon what factors does the dissolving capacity of a liquid depend? 

so. What effect does the dissolving of a solid in a liquid have on the temperature of 
the solution. Discuss in full. 

31. Do vapors carry solids in solution? What is the special significance of this fact 
in power-plant operation? 

32. How is scale formed in a steam boiler? 

33. Describe an apparatus for generating electrical energy directly from heat. How is 
it used commercially? 

34. What is light? What are some of the characteristics of light? What is the 
cause of light? What is color? What is the relation of color to temperature. 

36. Are ordinary lamps efficient in their production of light? What effect do changes 
of temperature of the illuminating element of an electric lamp, produce in the quality of 
the light afforded? 

36. How does temperature affect the strength of metals? 

3 7. How is the electrical resistance of a substance dependant on its temperature? 
What commercial use is made of this fact? 
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EXPANSION AND CONTRACTION OF SOLIDS 
AND LIQXnDS 

186. “Addition Of Heat Causes Expansion, Withdrawal Of 
Heat Causes Contraction” (Fig. 179) is, in general, true for 
all substances. There are, how- 
ever, certain exceptions; see Sec. 

187. This subject has already 
been discussed, briefly, in Sec. 

159. There it was explained 
that addition of heat causes an 
increase in molecular vibration. 

Hence, expansion results. With- 
drawal of heat causes a decrease 
in molecular vibration. Thereby, 
contraction ensues. In this 
division, the subject wfll be treated in more detail. 

186. Expansion And Contraction Of Solids will be consid- 
ered first. In general, when the temperature of any solid is 



Fig. 179,— Heat expands objects. 
(When cold, both the hole H and ball B 
are of the same diameter, then B will 
just pass through H. But, when B is 
heated, it will not pass through H.) 



Fig. 180. — Girder bridge with provision for expansion (bridges over 100 ft. long 
usually have roller bearings; from 50 to 100 ft. span may have friction shoes instead of 
roller shoe). 


increased, it becomes larger. When its temperature is 
decreased, it becomes smaller. Many examples of these 
phenomena are familiar to all. 

159 
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Exampms. — E lectric wires on pole-lines sag further on a hot day than 
on a cold day* Kailway track-rails expand on hot days, and buckle. 
This may cause wrecks. Steel bridges have expansion joints (Figs. 180 
and 181), so that expansion of the span will not cause damage. Wagon 
tires are heated to render them suflSciently large to fit over the felloes; 



in cooling, the tire contracts and renders the whole very rigid. In making 
machinery, metal collars are, often, expanded by heat and then allowed 
to shrink firmly onto shafts. Brick power-house chinmeys are often 
made double so that excessive expansion of the inner shell will not affect 
the outer. A heated journal in a bearing may expand and become 



Bo( II Tl- c o o I ? n oj 

!Fi< 3. 182. — Illustrating the effects of freezing in a closed vessel. A hollow cast iron 
ball filled completely with water and plugged is placed in a pail containing ice and salt. 
As the water freezes, it expands and the force of expansion breaks the ball. 

187. Exceptions To The General Rule That Heating 
Expands Substances And Cooling Contracts Them are these: 
As water is cooled, it contracts until its temperature has 
decreased to 39.2° F. (4° C). But as it is cooled further, it 
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expands. It may solidify into ice. But, as is common knowl- 
edge, ice occupies greater volume than the water from which 
it forms and may, in freezing, break pipes (Fig. 182) and split 
rocks. See following Sec. 209 for a further discussion. The 
metals iron, antimony, and bismuth contract on melting and 
expand on solidifying. The contrary might reasonably be 
expected since, obviously, melting requires the addition of 
heat. On the other hand, certain other metals — gold, silver, 
and copper, for example — expand in melting and contract in 
solidifying. Hence, these latter metals cannot conveniently 
be cast but must be stamped. 

188. The Amount Of Expansion For The Same Temperature 
Increase, Is Different in Different Substances. — ^Likewise the 
amount of contraction, for the same temperature decrease, is 
different. These facts have been verified, experimentally, 
many times. This property is utilized practically in a number 
of different devices, as explained in the examples below: 

Example. — Rubber (see Table 192) expands 0.000,042,8 of its length 
for each degree Fahrenheit temperature increase. Cast brass expands 
0-000,010,4 of its length per degree Fahrenheit. Thus, the expansion of 
the rubber is about four times as great as that of brass. Hard glass, 
however, expands only 0.000,003, 3 of its length per degree Fahrenheit 
increase. 
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Fig. 183. — The compound bar (cole 
and heated). 
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Fig. 184. — Home-made thermometer 
operating on the compound-bar princi- 
ple. (Ij. Pyle in Popular Mechanics.) 


Example. — If two similar strips of metal which expand at different 
rates are fastened together (Figs. 183 and 184) by riveting or welding, 
the strains which occur when the cotnpou/nd bar is heated will cause the 
bar to bend, somewhat as shown in the illustration. T'his principle is 
applied in various devices and instruments. The bending is due to the 
fact that tlie length of one of the component strips increases more for 
the same temperature rise than does the length of the other. 

Exaivii»le. — Thehmos'Catic Metal (Figs. 185, ISO and 1 s7 ) is made 
by welding together permanently, tlirough 1b(‘ir entire U*iigth with the 
11 
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oxyacetylene flame, two strips of metal which have widely different 
expansion coeflicients. It is used for temperature indication, tempera- 




Fia. ISS. — Force exerted by a General Fia. 186. — Deflection of General 

Electric Company thermostatic metal Electric Company thermostatic-metal 

strip for a 100® F. temperature change. strip with the temperature. 


ture control, or temperature compensation in: oven thermometers, 
electric heaters, ice machines, refrigerators, thermostats, automobile 


Thermosfcttfc Metcf/ 



Fia. 187. — Showing probable apparatus 
employed in testing thermostatic metal 
strip in determining the values from which 
Fig. 1S5 was plotted; the metal strip was 
probably enclosed in a tube wherein any 
desired temperature would be provided. 
The values from which Fig. 186 was plotted 
were probably obtained by permitting the 
metal to deflect free — that is, without using 
the spring balance. 


ignition control, battery-charging 
control, electric-signal control, and 
carburetors. 

Example. — The thermostat 
(Fig. ISS) operates on the com- 
pound-bar (Fig. 183) principle. A 
thermostat may be used for closing 
the circuit in an electric-signal 
system, to sound an alarm, if the 
temperature becomes excessive. 
Thermostats are also used to regu- 
late the dampers in heating 
systems. Thereby, they provide 
automatic heat control. When 
the room becomes too warm, the 
thermostat-bar bends in one direc- 
tion and completes the damper- 
closing circuit. If the room be- 
comes too cool, the thermostat-bar 
bends in the other direction, and 
completes the damper-opening 
circuit. 
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Example. — Clock pendulums will, due to temperature changes, 
vary in length, unless some compensating arrangement is provided. 








G. 190.“ — Compensated pendulum. 



Fig. 189. — Pendulum with wooden 
supporting stem to minimize effects of 
expansion and contraction. 



Fig. 191. — Compensated balance wheel 
for a watch. 


Variation in pendulum length may cause the clock to run either too 
fast or too slow. Wooden stems (Fig. 189) are sometimes used because 
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(see Table 192) wood expands and contracts but slightly with changes 
in temperature. In the compensated pendulum (Fig. 190) there is, 
practically, no change in the effective length, L. When the metal bars 
3 expand, they tend to lengthen the pendulum. But bars A, which are 
of a different metal, expand more than do bars B} this tends to shorten 
the pendulum. The lengths and the materials of A and B, are so 

selected that the actual* pendulum 
length, L, is always, under reasonable 
temperature conditions, the same. 

Example. — T he compensated 
balance wheel (Fig. 191) of a watch 
is so made that the ends E of the 
segments adjust themselves according 
to the temperature of the wheel. 


Fig. 192. — “Davis’^ steam-radiator Fig. 193. — The “Onderdonk” radiator 

air valve. (When R is surrounded by air valve. (Float F, closes valve, V, if 
steam it expands and closes valve, V, water enters it. Bar, S, closes Y after 

Or, when water enters the chamber, steam has entered it. The valve remains 
float, F, rises and closes F.) open when there is only cold air in it.) 

Thereby, the watch is caused to run at a constant speed. If the balance 
wheel were not ^‘compensated,'^ the temperature would affect the speed 
of the watch. When warm, the oil would be thinner. Also, the dia- 
meter of the wheel and the length of the hair spring would be greater. 
When cool, these effects would be reversed. With a properly compen- 
sated wheel, they are, practically, of no consequence. 

Example. — Air Valves Ik Steam-heating Radiators (Figs. 192 and 
193) may be automatically controlled by utilizing the compound -bar 
principle (Fig. 193) or by the expansion (Fig. 192) of a rubber post. 

189. Expansion May Be Considered Under Three Different 
Headings; (1) Lineal expansion, which is increase in length. 
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(2) Surface, superficial, or areal expansion, which is the increase 
in area of a surface when it is heated. (3) Volumetric expansion, 
which is increase in volume. Obviously, there may likewise 
be lineal contraction, superficial contraction and volumetric 
contraction. Each of these phenomena will be considered. 

190. The Coefidcient Of Lineal Expansion is defined as the 
ratio of the increase in the length of a bar of material to its 
original length when the temperature of the material is increased 
F. (or C.). A more practical definition is (Fig. 194) 
this; The coeffi^ent of lineal 

expansion is the increase in length, — w i 


Fia. 194.- 


in inches, due to a temperature 
increase of 1° F. (or C.) in a bar 
of the material which was 
originally 1 in. long. It is the 
increase in length, in inches per inch of original length, per degree 


-Illustrating coefiSlcient of 
lineal expansion. 


temperature difference. 

Note. — A Coefficient Of Expansion Can Be Obtained By Con- 
siDEBiNG The Decrease In Length, due to a temperature decrease, as 
well as by considering the increase in length, due to a temperature 
increase. Hence, the same coefficient is used in computing either con- 
traction or expansion. Table 192 specifies some coefficients of lineal 
expansion. 

191. A Coefficient Of Expansion Computed On The Basis 
Of The Above Definition Is Not Absolutely Accurate. — The 

exact value of an expansion coefficient depends -upon the 
temperature at which the coefficient is determined. Likewise, 
the coefficient values given in Table 192 are not strictly accu- 
rate for every temperature. But the expansion coefiicient 
values of any material differ, at different temperatures, from 
the values of the table so little that the errors which they 
may introduce through their application are of absolutely 
no consequence in any practical problem. A similar situation 
obtains for coefficients of areal or surface expansion (Sec. 199) 
and cubical-expansion coefficients (Sec. 202). For pure 
metals, the coefficient generally increases with the temperature. 
For alloys, there appears to be no general rule. 

Example. — As taken from the Smithsonian Physical Tables, the 
coefficient of lineal expansion of aluminum at 100*^ h . = 0000. ,012, 8, at 
1,112° F, 0.000,017,5. 
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192. Table Showing Coefficients Of Lineal Expansion Of 
Some Common Materials. — The tabxilated values are equi- 
valent to the expansion (or contraction), in inches, in each 
1 in. original length, for each 1° F. increase (or decrease) 
in temperature. The values given here are the average 
values of the coefficient of lineal expansion between the tem- 


peratures 32 and 212° F. 


Average 

, coefficieat 
Material, metals 

expansion 

Aluminum 0 . 000 ,012,3 

Aluminum bronze . . 0 . 000 , 009 , 4 

Antimony 0 . 000 , 005 , 8 

Brass, cast 0.000,010,4 

Brass, wire 0 . 000 , 010 , 7 

Bronze 0 . 000 , 010 , 0 

Copper 0 . 000 , 009 , 3 

German silver 0 . 000 , 010 , 2 

Gold 0.000,008,2 

Iron, pure 0.000,006,7 

Iron, cast 0 . OOO , 005 , 9 

Iron, soft forged .... 0 . OOO , 006 , 3 

Iron, wire 0 . OOO , 008 , 0 

Lead 0.000,015,1 

Magnesium 0 . 000 ,014,5 

Phosphor bronze ... 0 . 000 , 009 , 4 

Silver 0.000,010,7 

Solder 0.000,013,4 

Steel, Bessemer: 

rolled hard 0 . 000 , 005 , 6 

rolled soft 0 . 000 , 006 , 3 

Steel, nickel (10% 

Ni) 0.000,007,3 

Tin 0.000,012,7 

Type metal 0-000,010,8 

Zinc 0.000,016,5 

Zinc (cast) 0.000,010,6 


Material, various 

Average 

coefficient 

of lineal 


expansion 


Brick 

0.000,003,1 

Carbon, coke 

0.000,003,0 

Cement, neat 

0.000,006,0 

Concrete 

0.000,008,0 

Glass, thermometer 

0.000,004,5 

Glass, hard 

0.000,003,3 

Glass, plate and 
crown 

0.000,005,0 

Granite 

0.000,004,8 

Graphite 

0.000,004,4 

Limestone 

0.000,001,4 

Marble 

0.000,006,5 

Masonry, from 

0.000,002,5 

to 

0.000,005,0 

Porcelain 

0.000,001,7 

Rubber 

0.000,042,8 

Vulcanite 

0.000,040,0 

Wood, oak: 

parallel to fiber. . 

0.000,002,7 

across fiber 

0.000,003,0 

Chestnut : 

parallel to fiber . . 

0.000,003,6 

across fiber 

0.000,001,9 

Ash: 

parallel to fiber . . 

0.000,005,3 

Pine: 

parallel to fiber . . 

0.000,003,0 




Fiq. 196. — Equipment for precise coefiicient-of-Uneal-expansion determinations. 


194. The Formula For Computing The Coefla.cient Of 
Lineal Expansion, which follows from the definition given in 
preceding Sec. 190 is: 

^ (coef. of linear expan.) 


I = 2 — Li : 

I 


or, since 
(92) 


(coef. of linear expan.) 
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Wherein: = the coefficient of lineal expansion. Lx ^ the 

length of the material, measured in any unit, at the tempera- 
ture Tx> L 2 = the length of the material, measured in the 
same unit as Lx, at temperature T'g- Tx and 2^2 = respectively, 
the temperatures in degrees Fahrenheit. I = increase in 
length due to expansion, in the same unit as Lx» 

Note. — ^Ip The Ohigijstal Length, Li, Of The Material Is Unity, 
say 1 ft., and the temperature change is 1° F,, then For, (91) becomes: 

(93) = 2/2 — 1 (coef. of linear exi>an.) 

Example. — ^At a room-temperature of 72® F., the length of the copper 
rod A, in Fig. 195, is 24 in. When the thermometer, T, reads 212® F., 
the rod length has increased 0.031,2 in. What is the coefficient of lineal 
expansion of copper? Solution. — Substituting in For. (92) : — 

Z/Li(r2 ~ Ti) - 0.031,2 ^ [24 X (212 - 72)] = 0.031,2 ^ (24 X 140) = 
0.031,2 3,360 = 0.000,009,3 == coefficient of lineal ex 2 >ansion of copper, 

shown in Table 192, 

195- The Formula For Computing The Amount Of Lineal 
Expansion Or Contraction When An Object Is Heated Or 
Cooled is this : 

(94) I = ejJLxT (inches) 

Wherein: I = increase in length due to expansion, or decrease 
in length due to contraction, in inches. Li == the length of the 
object before heating or cooling, in inches. Cz, == coefficient of 
lineal expansion from Table 192. T = the temperature 
increase or decrease, in degrees Fahrenheit. (Li may be 
expressed in feet or any unit of lineal measure; then I will be 
in the same unit.) 

Derivation. — By definition (Sec. 190) the coefficient of expansion cz, 
is merely the expansion increase (or the contraction decrease) in inches, 
per inch original length, per degree temperature difference. Hence, to 
obtain the amount of expansion or contraction, it is merely necessary to 
multiply together the original length, the expansion coefficient and the 
temperature difference. These are the .operations which For. (94) 
indicates. 

Example. — An iron rod which is 10 ft. long has its temperature 
raised 25® F. WTiat is its increase in length? Solution. — For iron, 
from Table 192, cz, 0.000,006,3. Now, 10 ft. = 10 X 12 m. = 120 m. 
Substituting in For. (94), the increase in length is: Z = eiLiT —0.000,- 
006,3 X 120 X 25 = 0,018,9 in. 

Example. — A steel bridge is 872 ft. long. The variation of tempera- 
ture in the locality, from the lowest winter to the highest summer tern- 
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peraturCj is 135® F, What is the maximum change in the length of the 
bridge? Solution. — F rom Table 192, ei, for steel = 0.000,006,3. 
Now, 872 ft, ~ 872 X 12 in. — 10,464 in. The increase in length is: 

I ^ eiJjiT -= 0.000,006,3 X 10,464 X 135 = 8.9 in. 

Example. — "What will be the change in length of a copper wire, strong 
between two poles which are set 120 ft. apart, when the temperature 
change is 120° F. ? Neglect the elasticity and sag of the wire. Soltjtiox. 
— ^From Table 192, ex, for copper wire == 0.000,009,3. Also, 120 ft. = 
120 X 12 in. -= 1,440 in. By For. (94)^ I = exZ/iT = 0.000,009,3 X 
1,440 X 120 = 1.6 in. 

196. The Formula For Computing The Final Length Of A 
Material After It Has Been 
Heated (Fig. 197) is given 
below. This is the same as 
For. (94) except that the 
original length, Li, is added 
in the right-hand member. 

(95) 1/2 == Li + LiClT (inches) 

or: 

(96) Z /2 = Li(l 4- ex^T) (inches) 

or, substituting in (96) for T its equivalent — 

(97) Z /2 = I/i + LieLiTz — Ti) (inches) 

Example. — What will be the length of a cast-brass rod, at 200° F., if the 
length at 40° F., is 20 in.? Soltjtiont — T he lineal-expansion coefficient 
of cast-brass is, from Table 192, 0.000, 010,4. Now, substituting in For. 

(97) : L2 = Li -hLiax,(T2 - T{) = 20 -j- [20 X 0.000,010,4 X (200 ~ 
40)] = 20 -h [0.000,208 X 160] = 20 -j- 0.033 = 20.033 in. = length at 
200° F. 

197. For Computing The Final Length Of A Material After 
It Has Been Cooled, For, (97) becomes: 

(98) 7/2 — Li — 2 — Ti) (inches) 

198. Areal, Surface, Or Superficial Expansion (Fig. 198) is 
the increase in the area of a surface when it is heated. It is 
evident that the smdace of any material will be larger, after 
heating than before, since the lineal expansion occurs in each of 
its two principal directions. 

199. The Coefficient Of Areal Expansion is taken as tivice 
the coefficient of lineal expansion. Strictly, this is not true. 


H- L2”L<?n9^f/7 when Hof-Lj^+e ij) H 

H Length whenColcf^^ Lt ^L.eiJ K- 


Fig. 197. — Lineal expansion of bar of any 
length. 
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But the error which the assumption introduces is of no conse- 
quence, practically. 


Explanation. — Consider 
square. Its area is: 1 X 1 


Negf/ec fed Area-., ^ 


; ' Area Be fore' Heafin^=: : **.'J 
ISg.Inch : ' 

\-Area After hfeafi'ng 

c^_ ■ 

■ A::;/; zJ.::! 


a copper plate (Fig. 198) which is 1 in. 
= 1 sq. in. Now if this sheet is heated, it 
will expand lineally in two directions: Both its 
length and width become greater by an amount 
Obviously, the sheet is now (1 + cl) in. 
square. Hence, its area is now (1 -j- cx) X (1 + 
ej^) = (1 -h ez/) ^ — 1 -h 2ez, + Substituting in 
this formula and taking the lineal expansion 
coefficient for copper as 0.000,009 from Table 192, 
the following results: 1 + 2ei 4- — 1 + 

(2 X 0.000,009) ^ (0.000,009)2 = 1 + 0.000,018 
4- 0.000,000,000,081 = 1.000,018,000,081 = areal 
expansion coefficient for copper. It is evident that 
Fia. 198. — Illustrating the value equivalent to which is 

derivation of coefficient 0.000,000,000,081, is SO small that its omission 
of areal expansion. from the Coefficient would result in no material 

error. It is, therefore, apparent that for all practical purposes it is 
sufficient to assume that coefficients of areal expansion maybe taken 
as twice those of lineal expansion, which are given in Table 192. 


-L,- Length I Inch — ■H 
k -lg - Length •(i-f-eO In , — 


200. The Formula For Computing Increase In Area, Due 
To Areal Expansion, which follows from the statements of Secs. 
198 and 199, is this: 

(99) A — esA iT (square inches) 

Wherein: A = increase in area, due to expansion, or decrease 
in area, due to contraction, in square inches. Cs == coefficient 
of areal expansion = 2 X lineal-coefficient value from Table 
192, T — the temperature increase or decrease in degrees 
Fahrenheit. Ai = initial area in square inches. Ax For. (99) 
may be expressed in square feet or in any unit of areal measure. 
Then A will be in the same unit. 

Example. — A section of street paving which measures 20 X 24 ft. 
is subjected to a temperature difference of 135° F. If the lineal-expan- 
sion coefficient of the material is 0.000,003, what will be the change in 
area? Solution. — T he areal-expansion coefficient will be 2 X 0.000,003 
= 0.000,006. Therefore, the change in area will be, For. (99): A = 
esAxT = 20 X 24 X 0.000,006 X 125 = 0.36 sq. ft. 

201. Cubical, Cubic, Or Volumetric Expansion (Fig. 199) is 
the increase which occurs in the volume of a substance when 
the substance is heated. Cubical contraction is the decrease 
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in volume when the substance is cooled. It is evident from 
Fig. 199 that when a substance is heated, it expands lineally 
in all three directions. The change in volume which results is 
just as definite as a change of length due to lineal expansion. 

202, The Coefl3.cient Of Cubical Expansion (Table 207) is 
assumed to be equal to three times the coefficient of lineal 
expansion, certain values for which are given in Table 192. 
While this assumption (see explanation below) is not absolutely 
accurate, it is sufficiently so for ordinary use. 

Explaxatiox. — A s s u m e that 
the 1-in. cube of Fig. 199 has, 
before heating, a volume of 1^ — 1 
in. After the temperature of 
the cube has been increased 1"" F., 
the cube expands the distance in 
each of the three lineal directions. 

Hence, the length of each of its 
sides becomes (1 -h en). Now the 
volume of the heated cube will 
be (1 -f- = (1 -i- 3ezr -h Sejs® -f- 

€i®) cu. in. Now, as demonstrated 
in explanation under Sec. 199, the 
values equivalent to and 

will be so small as to be inconsequ- 
ential. Hence, they may be dis- 
regarded- Therefore, the volume 
of a heated cube can, with very 
small error, be taken as (1 -j- 3e 
cu. in. In other words, Sex is the coefficient of cubical exj)ansion. 

203. The Formula For Computing The Change In Volume, 
Due To Cubical Expansion which follows from the preceding 
discussion and statements is : 

(100) Y — (cubic inches) 

Wherein: V ~ change in volume, due to expansion or con- 
traction, in cubic inches. Vi = the original volume of the 
substance, in cubic inches. Other symbols have the meanings 
hereinbefore specified. Fi (For, 100) may be expressed in 
cubic feet or in any other unit of cubical measure. Then, V 
will be in the same unit. 

Example. — ^A block of concrete is 30 ft. wide, 17 ft. high, and 4 ft. 
thick. What will he the change in its volume, when its temperature is 



coefficient of expansion, (the volume of the 
corners Ci Cz Cz and C* are so small as 
compared with the volume of the whole 
that they are disregarded in computing 
the cubical coefficient of expansion). 
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dianged 50® F. ? Solution. — From Table 192, the lineal-expansion 
coefficient for concrete ==^ 0.000,008. Then the cubical-expansion coeffi^ 
dent = 3 X 0.000,008 = 0.000,024. The original volume = 30 X 17 X 
4 = 2,040 cu. ft. Now, substituting in For. (100): Y = ZblV xT = 
0.000,024 X 2,040 X 50 == 2.45 cu. ft. 

204:. The Formula For Computing The Volume Of Any 
Substance, After It Has Been Heated Or Cooled, Is : 

(101) = ^ 1 ( 1 + evT) (cubic inches) 

Wherein: F 2 = final volume, in cubic inches. Fi = original 
volume, in cubic inches, ev = coefficient of cubical expansion 
from Table 207, or Cv = 3ez„ as taken from Table 192. T = 
the temperature increase or decrease, in degrees Fahrenheit. 

205. The Expansion Of Liquids" has been mentioned in the 
preceding discussion (Sec. 57) of thermometers. All liquids, 
with the exception of water, as explained below, expand when 
heated and contract when cooled. This property renders 
possible the mercury thermometer. Due to their expansion, 
all liquids increase in volume when heated (except some when 
near the freezing point). In general for any given solid the 
change in volume per degree temperature difference is practically 
the same, regardless of the original temperature under considera- 
tion. But for liquids this is not true. With different liquids 
the change in volume, per degree temperature difference, 
varies somewhat according to the temperature under considera- 
tion; the coefficient is greater at high than at low temperature. 
However, for practical engineering purposes, average values 
(Table 207) may be taken. 

Note. — The Expansion Op Liquids Is Cubical. — Hence, the pre- 
ceding formulas which were given for computing cubical expansion are 
the ones which are applied for figuring the expansion of liquids. 

206. Coefficients Of Cubical Expansion of Liquids Are 
Difficult Of Accurate Determination. — The liquid under 
observation must be contained in a vessel, the material of 
which has an expansion coefficient different from that of the 
liquid. However, compensation for the possible error, thus 
introduced, may be made. 

Example. — Compensated clock pendulums may be made (Fig. 200 and 
201) with mercury, in glass vessels, constituting a ‘‘bob.^" When the 
rod, B, expands downwardly, the mercury, M, expands upwardly. 
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Thereby, assuroing correct design, the effective length of the pendulum 
remains unchanged. 




Fia. 200. — The raercury-com- 
pensatecl pendulum. 


Fia. 201. — Clock equipped with mercury- 
compensated pendulum. 


207. Table Showing Coefficients Of Cubical [Expansion Of 
Some Common Liquids And Solids. 


^Material 


Coeffi- 
cient of 
cubical 
expansion; 


Material 


Coeffi- 
cient of 
cubical 
I expansion 


Acetic acid 

Alcohol (ethyl) 

Alcohol (methyl) 

Benzine 

Benzol 

Calcium chloride 5 to 50 per 

cent, solution 

Chloroform 

Ether 

Glycerine 

Hydrochloric acid 

Hydrochloric acid 50 per cent. 

solution 

Mercury 


O.OOO.SOj 
0.000, 61! 
0.000,80| 
0.000.77j 
0.000,7oi 

0.000 
O . OOO 
0.001 
0.000 
0 OOO 

O . OOO 
0.000 


Oliv-e oil 0.000,41 

Petroleum O 000 , 55 

Sodium chloride; 

1.6 per cent, solution ; 0.000,60 

26 per cent, solution i 0.000,24 

Sulphuric acid 0.000,27 

Sulphuric acid, 50 per cent. 

solution j 0.000,45 

Turpentine | 0.000,56 

Water | 0.000,10 

Ice (4 to 30° F.) 0.000,62 

Paraffin -wax I 0.000,61 

Bocksalt I 0.000,67 

Sulphur 0.000,40 
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Example. — An open tank contains 6,700 gallons of water of 60® P. 
How many gallons will it contain, if the temperature of the water is 
increased to 105® F.? Solution. — From Table 207, the cubical coeffi- 
cient of expansion of water is 0.000,1. The change im, temperature = 
T = 105 ~ 60 = 45® F. Now, substituting in For. (101): = FiCl + 

evT) = 6,700 X [1 + (0.000,1 X 45)] = 6,730.15 gal. 

208. Liquids Are Practically Incompressible. — The amount 
which they may be compressed is exceedingly small. Hence, 
when the liquids which completely fill closed vessels are heated, 
the resulting pressure, due to their expansion, may be enor- 
mous. Serious distortions and ruptures in containing vessels 
may result through disregard of this fact. 


Example. — In hot-water heating systems an expansion tank is located 
near the top of the building; see Div. 17. Into this tank, the water 
expands, when heated. If the expansion tanks or other suitable arrange- 
ments were not provided, the enormous pressure which would be devel- 
oped in the system by heating of the water might cause valve leakage, 
and the breaking of radiators, valves, or fittings. 


209. The Peculiar Expansion And Contraction Of Water 
(Fig. 202) will now be considered. Since water is the most 

common liquid it will be discussed 
herein at some length. All liquids 
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Pia. 202. — Graph showing change 
in volume of water as it is heated. 


Temp, in Deg. Centigrwole 

Fici, 203. — Expansion of turpentine as 
compared to water and nxercury (although 
the graphs for mercury and turpentine 
appear to be straight lines, they actually 
curve somewhat. The curvature is too 
small to be detectable with the scales 
shown.) 


with certain exceptions, water for example, (Figs. 203 and 
204) contract when cooled. When water is cooled its volume 
changes considerably, as is shown by the graph (Fig. 202). 
But at about 39^ F. it is (Fig. 205) at maximum density. 
That is, it weighs more, per unit of volume, at this tern- 
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peratiire than at any other temperature. If it is cooled below 
this temperature, it begins to expand. This is a peculiar 
characteristic of water. After cooling to 32° F. it solidifies 



Temp. In Decrees Centioj r ci ole 


into ice and the freezing is 
accompanied by farther 
expansion. 

ISTote. — AK sioK, At 
Freezing Temperature, Is A 
Vert Important Attribute 



Fio. 204. — Graph comparing the change in Fig. 205. — Change in weight of water 
densities of mercury and water at different as temperature is changed, 

temperatures. 


Op Water. — It is Nature proTision against the oceans, lakes and 
rivers freezing to the bottom. Ice forms at the surface of the water and 
being lighter than water remains there. Thus it covers or blankets 
the water beneath. It prevents the lower strata of water from becoming 
cooled to the freezing stage. 

210. When Water At A Temperature Above 39° F. Is 
Heated, It Expands. — Its density then diminishes and it 
becomes 'lighter. That is, its weight per unit of volume 
decreases. This property is very important in certain heating 
processes. 

EbcAMPLE. — When heat is applied to the bottom of a tank which con- 
tains water, a circulation of the water immediately ensues. The stratum 
of water in contact with the bottom is heated. Thus it is caused to 
expand. It becomes less dense, or ‘Tighter than the water above. 
The cooler, and heavier, water at the top then circulates to the bottom. 
It thereby displaces the heated water, which ascends to the surface. 
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Hot water may thus be drawn from the top of a tank before the entire 
mass of water is heated. 

211. The Expansive Property Of Water Is Utilized In Hot- 
water Heating Systems. — The cooler, and heavier, water 
flows into the boiler, or heating eleraent, at the bottom. 
Therein it becomes (Fig 126) heated and expanded. It then 
flows through the radiators and gives up some of its heat to the 
air in the rooms. When it leaves the radiators, it is again 
comparatively cool. It then flows down to the boiler through 
the return pipe. A continuous circulation is thus maintained. 

212. Differences Of Expansion And, Therefore, Of Density 
Between Different Parts Of A Volume Of Water Cause 
Currents To Circulate Therein. — These are called convection 
currents. The rapidity with which water may be heated 
depends upon the rapidity of these currents. Without them 
it would be diflicult to heat water in any form of vessel, 
whether a teakettle on a kitchen stove or a steam boiler in a 
power plant. Water is a very poor conductor of heat. 
Hence, this property (conduction) is not effective in carrying 
heat quickly to all parts of a mass of water. 

213. Freezing Water Exerts An Enormous Expansion Force 
(Figs. 182 and 206). Ordinarily, one cubic foot of water 

becomes about 1.085 cu. ft. of ice. The 
expansion is about 8.5 per cent. The 
expansion of a body of water, by freez- 
ing into ice, thus amounts to more than 
one-twelfth of the initial volume of the 
water. If water is frozen in a closed 
vessel, the expansion of the ice thus 
formed may, and generally will, rupture 
the vessel, even though the vessel be 
made of iron or steel. 

Example. — A gallon of water contains 231 
cu. in. Hence, if a gallon of water freezes to 
ice at 32*^ F., the volume of the ice will be 
231 X 1.085 = 249.64 cu. in. 

Note. — ^The Molecules Op Water In 
The Form Op Ice Are Closer Together Than Are The Molecules 
Op Liquib Water. — Thus the behavior of water, when passing from 



Fig. 206. — The result of 
water frozen in a closed 
.sast-iron vessel. (Actually 
the expanding ice, which 
breaks a vessel, issues from 
the hole which it makes as 
shown in Fig. 182 .) 
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the liquid to the solid state, presents no exception to the gen< 3 ral law 
(Sec. 50) which governs molecular action in substances from which 
heat is extracted. The apparent anomaly observed in the expansion 
of ice is explained on the hypothesis that the molecules of ice group 
themselves into crystals. Thus, while the molecules are more com- 
pactly arranged in the ice crystals than in the liquid water, the crystals 
themselves are separated by comparatively large spaces. Hence, the 
net effect of the crystalline grouping of the molecules is an increase 
instead of a diminishment of volume. 


214. The Behavior Of Metals When Changing From The 
Liquid To The Solid State will now be considered. Besides 
water, cast iron, antimony, and bismuth are, perhaps, the 
most common substances which increase in volume when 
freezing or solidifying. When molten cast iron freezes or 
solidifies in a foundry mold, it expands. However, cast iron 
contracts about 1 per cent, while cooling from its freezing 
point to ordinary temperature. Hence, it is often said that 
cast iron shrinks. Unless proper precautions are taken, this 
shrinkage may break a casting (Fig. 207) . With other metals 
(Sec. 187) a contrary effect will be noted; that is, they decrease 
in volume when solidifying. A few common examples of this 
latter class are mercury, gold, and silver. 


Note. — The Expansive Sohihipication Op Antimony Anx> Its Low 
Expansion Coefficient Render It Useful As A Type-metal 
Ingredient. — T he sharp outliues 


■ ’Molding Flask 

Venfs- 

.Molding 5anof',\ 



requisite in printing type could 
not be obtained if the cast metal 
were to contract while solidifying. 

Ordinary type metal is an alloy of 
lead, antimony, and copper. The 
tendency of the antimon^^ to ex- 
pand neutralizes the tendency of 
the other ingredients to contract. 

Thus the volume of the molded 
metal continues constant during 
transition from the molten to the 
solid state. 

Note. — Expansion Of Antimony While Cooling From The Liquid 
To The Solid State is due to a crystalline arrangement of the molecules 
similar to that which occurs (note subjoined to Sec. 213) in the freezing 
of water. 

Note. — ^The Graduation Marks On A Patterniviakers’ Rule Are 
Spaced Farther Apart Than Are Those On An Ordinary Standard 
12 


Fig. 207.- 


J'Cmc/rs;' Castihg--'^^'"' 

-Sfinnko/gre ' 'hrgg-il ' 
"" -Junction Lugs — — 
-Shrinkage causes casting to 
crack in mold. 
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Ktjxe. — ^The increased spacing, on rules used in the making of patterns 
for iron castings, amounts to in. per ft. This is to insure that the 
patterns will be made enough larger, than the required castings, to com- 
pensate for shrinkage of the solid iron in cooling. 

Note, — ^The Excessive Contraction Op Gol.i> And Silver While 
Cooling From The Tiquiu To The Solid State Prevents Accurate 
Casting With These Metals. — The shrinkage of the metal in the mold 
will invariably result in producing warped castings, with rounded and 
blunted edges and corners. Hence, as stated in Sec. 187, in the minting 
of gold and silver currency, the coins are stamped out of the solid metal 
with steel dies. 

216. Table Showing; Approximate I/ineal Shrinkage Of 
Castings And Forgings (From Marks' Handbook, page 294). 


Metal 

i 

Shrink- 

age 

ratio 

M\ilti- 

plier 

Metal 

Shrink- 

age 

ratio 

1 

Multi- 

plier 

Bar iron, rolled. 

1:55 

1.018,2 

Iron, fine grained. 

1:72 

1.013,9 

Bell metal 

1:65 

1.015,4 

Lead 

1:92 

1.010,9 

Bismuth i 

1:265 

1.003,8 

Steel, cast 

1:50 

1.020,0 

Brass 

1:65 

1.015,4 

Steel, puddled . . . 

1:72 

1.013,9 

Bronze 

1:63 

1.015,9 

Steel, wrought . . . 

1:64 

1.015,6 

Cast iron 

1:96 

1.010,4 

Tin 

1:128 

1.007,8 

Gun metal .... 

1 : 134 

1.007,5 

Zinc, cast 

1:62 

1.016,1 


iSxAMpLE. — The shrinkage of a bell-metal casting, while the metal is 
cooling in the mold, amounts to 1 4- 65 = 0.015,4 iTi. per inch of length 
of the final casting. Hence, the pattern for a bell-metal casting should be 
1.015,4 times as long as the required casting. 

Example. — ^An iron casting is required to be 3 ft. long, 8 in. wide, and 
2 in. thick. What should be the dimensions of the mold? What will 
be the percentage of shrinkage in the casting? Solution. — The volume 
of the casting = (3 X 12) X 8 X 2 = 676 (m. in. By Table 215 each 
dimension must be multiplied by 1.010,4. Hence, the length of the mold 
3 X 1.010,4 = 3-031,2 the width -== 8 X 1.010,4 = 8.083,2 and 
the depth — 2 X 1.0104 = 2.0208 in. Then, the volume of the mold = 
(3.0312 X 12) X 8.0832 X 2.0208 = 694.16 cu, in. Hence, the percent- 
age of shrinkage = [(594.16 — 576)/594.16] X 100 = 3.06 per cent. 

21G. There Are Two Conditions Under Which A Solid May 
Expand Or Contract: (1) The expansion or contraction may 
he entirely unopposed by counteracting forces. (2) The expan- 
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sion or contraction^ or the tendency thereto, may he opposed or 
restrained in some manner by counteracting forces. Each of 
these conditions will be discussed in the following sections. 
Only unrestrained expansion and contraction ch. 

have hitherto been considered* O 

217. A Study Of The Phenomena Of A ^ 

Restrained Expansion And Contraction In- V J 

volves Consideration Of Stresses And Strains \ ^ f 
In Materials. — When any substance, as a 
metal wire, is subjected to a pulling force, 

the force tends to strain the substance by 

stretching or elongating it. Coincidentally, 
a stress, which tends to oppose deformation 
by the pulling force, develops within the 
substance. When any substance, as a mass 
of rubber, is subjected to a pressing force, the 
force tends to strain the substance by crowd-* J \ 
ing its particles closer together. In this case f \ 

also, a stress, which resists the applied force, V V 

develops within the substance. So likewise, 
when any substance, as a boiler rivet, is sub- -c. 
jected to the straining action of a shearing due to tension, 
force, a stress develops within the substance. 

When a substance is subjected (Fig. 208) to a pull or tension, 
the stress developed in the substance thereby is called a 
tensile stress. When a substance is subjected (Fig. 209) to 


PulhJ&^00QLtu-> 

Fio. 208. — Stress 
due to tension. 


Section A-K 



Connect tngr 
Pool 

Fig. 209, — Stress due to compression. 



Fig. 210. — Showing a piece 
being sheared from boiler 
plate by rivet. 


pressure or compressioti, the stress developed in the substance 
thereby is called a compressive stress. When a substance is 
subjected (Figs. 210 and 211) to a shearing force, the stress 
developed thereby is called a shearing stress. Tensile, com- 
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pressive, and shearing stresses are usually expressed in terms 
of the forces which are applied to produce them, divided by 
the number of area units in the cross-section of the substance 
where it opposes the force. 

Examples. — I f a wire of 0.1-sq. in. cross-section 
suspends a load of 1,600 lb., the tensile stress in the 
wire is 1,600 0.1 — 16,000 lb. 'per sq. in. If a steel 

bridge-rod, of 3-sq. in. cross-section, is subjected to a 
pull of 150,000 lb., the tensile stress in the rod is 

150.000 -- 3 == 50,000 Ih. per sq. in. If an iron column 
of 4-sq. in. cross-section supports a load of 4,000 lb., 
the comp7'essive stress in the column is 4,000 “ 4 = 

1.000 lb. per sq. in. 

Note. — “Stress'" Am> “Strain-" Are Not 
Synonymous Terms. A stress, as explained above, 
is the internal opposing force which develops within 
a substance when an external force, tending to deform the sub- 
stance, is applied. A strain is the deformation, or charge of shape, of a 
substance within w^hich a compressive or tensile stress has been developed 
by applica-tion of an external force. As noted above, a stress is measured 
by the intensity of the applied force and by the cross-sectional area 
of the substance which sustains the force. The corresponding (total) 
strain is expressed in terms of the change of dimension of the substance, 
in the line of direction of the applied force. Furthermore, since, under 
tensile or compressive stress, each inch (or foot) of length of the substance 
is changed by the same amount, the strain can be expressed as a decimal — 
it is then called the unit strain or simply the strain — that is, the number 
of inches (or feet) that each inch (or foot) has been lengthened or 
shortened. 

Example. — I f a metal wire, of 10-in. length, is elongated under a pull 
to a length of 10.1 in., the total strain in the wire is: 10.1 — 10 = 0.1 in. 
Then the unit strain — strain, in inches per inch of original length =0.1“;“ 
10 = 0.01. 

218. Material Bodies Generally Tend To Resume Their 
Original Forms When Released Prom Forces Which Have 
Produced Strains In Them. — A rubber band may be stretched 
to a considerable length, but it will, apparently, instantly 
resume its original dimension when the stretching force is 
removed. Most materials, however, will not, when strained 
beyond certain limits, return entirely to their original shapes. 
In such cases the materials are said to have taken permanent 
set. Some materials acquire this condition under compara- 



Fiq. 211. — Stress 
due to shear. 
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tively small loads. Others are permanently deformed only 
by application of very great loads. 

219. Strains Are, Within Certain Limits, Directly Propor- 
tional To The Stresses From Which They Result. — That is to 
say, there is, usually (below the elastic limit, Sec. 220) for 
each substance, a definite ratio between a stress produced in 
the substance and the resulting deformation or strain. This 
ratio is called the coefficient of elasticity of the substance. 
See Table 221 for values. In the notation used in this 
book, the coefficient or elasticity will be denoted by FJ. Hence 
the formula: 


( 102 ) 


stress 

strain 


lb. per sq. in, 
stretch per inch 


(lb. per sq. in.) 


Note. — **M or>nL.trs Of Elasticity’' And '^Young's Modulus” are 
synonymous terms for coefficient of elasticity. 

Example. — A steel rod, 20 in. long, when under a stress of 60,000 lb. 
per sq. in. stretches 0.04 in. What is the coefficient of elasticity of steel? 
Solution. — By For. (102): E = stress strain = lb. per sq. in. stretch 
per inch — 60,000 (0.04 - 5 - 20) = 30,000,000 lb. per sq. in. 

Example. — A bridge member of 0.5-sq. in. cross-section and 40-ft. 
length, elongates 0.25 in. under a certain load. If = 30,000,000 lb. 
per sq. in, what is the load? Solution. — By a transposition of For. 
(102): /Stress ^ E "X. strain = lb. per sq. in. — E X stretch per inch — 
30,000,000 X 0.25 (12 X 40) ~ 15,625 lb. per sq. in. Hence, the load 

== 15,625 X 0.5 = 7,813 lb. 

Example. — The tension in a steel telephone-wire, 100 ft. long, is 525 
lb. The cross-sectional area of the wire is 0.006,4 sq. in. E == 30,000,000 
lb, per sq. in. How much has the wire stretched? Solution. — By a 
transposition of For. 102: Strain — stress E = stretch per inch — Ih. 
per sq. in. E = (525 -J- 0.006,4) -s- 30,000,000 = 0.002,73 in. Hence, 
the wire has stretched 0.002,73 X 100 X 12 = 3.28 in. 

220. When A Material Body Is Stressed Beyond A Certain 
Value Or ‘^Limit,’^ The Resulting Strain, Per Unit Of Load 
Increment, Becomes Greater Than Formerly. — The strain 
then ceases to be directly proportional to the stress (Sec. 219). 
When this limit is reached the ratio of the stress in the body 
to the strain or deformation of the body will be less than the 
similar ratio for stresses below this limit. The stress above 
which the strain ceases to be directly proportional to the 
stress, is called the elastic limit of the material. When a body 
is stressed beyond its elastic limit and the stress is then relieved 
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(by removing the force which produced the stress), the body 
will be found to have suffered a permanent deformation. 
Stresses below the elastic limit do not cause any permanent 
deformation, or ^^set. Hence, when a stress is permitted 
to exceed the elastic limit, the body ceases to be truly elastic’^ 
— that is, it ceases to be capable of returning to its former 
dimensions. Hence, the term ^'elastic limit is truly signifi- 
cant. (See the author^s Steam BoiiiERS for graphs and a 
more complete discussion.) 

Note. — The ^‘Ultimate Sthentgth’^ Op A Material is found by 
dividing the maximum force, which the material sustains during a test 
carried on until rupture occurs, by the original cross-sectional area of the 
test piece at the point of the rupture. In actual practice, the cross- 
sectional area usually changes before rupture occurs. Therefore, the 
maximum stress in the material may somewhat exceed the value of the 
'' ultimate strength which is computed as indicated above. 


221. Table Showing Coefldcients Of Elasticity For Different 
Materials. 


• 1 

B 


B 

Materials 

lb. per 

Materials 

lb. per 


, sq. in. 


sq. in. 

Metals 


Woods 


Aluminum 

11,000,000 

Ash 

1,600,000 

Brass, cast 

9,000,000 

Birch 

1,300,000 

Brass wire 

; 14,000,000 

Oak 

1,500,000 

Phosphor bronze 

14,000,000 

Teak 

2,410,000 

Copper wire 

16,000,000 

Walnut 

306,000 

Iron, cast 

Tfnn WTon frlni 

12,000,000 
27 non oon 

Pine 

1,900,000 

XJL YY X ^ U • • «• « 

Lead 

1,000,000 

Miscellaneous 

! 

Tin, cast 

4,000,000 

Slate 

14,000,000 

Steel 

30,000,000 

Glass 

8,000,000 


222. Expansion And Contraction Of Restrained Solids 
will now be considered. If the tendency of a body of solid 
material to expand or contract is restrained in some manner, a 
stress will develop within the body. The result of such 
restraint will be the same as though the body were stressed by 
an external force. The stress produced by restraint of the 
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tendency to expand or contract is exactly equal to the stress 
which would be set up in the body if it were, by some outside 
force, either elongated or compressed the amount which it 
tends to expand or contract. 

ExPEAisTATioisr. — Suppose a piece of copper is held tightly in a vise and 
is heated by means of a torch. Due to its absorption of the heat, the 
copper tends to expand, say, 0.01 in. But the clamping action of the 
jaws of the vise counteracts this tendency. Then the resultant condi- 
tion within the piece of copper is the same as though the copper had 
first been heated and had then been squeezed or compressed 0.01 in. by a 
further tightening of the vise. By preventing the copper from respond- 
ing to the expansion tendency produced by the heat, a compression 
stress, equal to that which would have been produced by compressing the 
copper 0.01 in., has been developed within the copper bar. 

Note, — The Iistfluence Of Exteri^ae Forces Ix Hinderixg Free 
Expansion Aistd Contraction Of Structural Members Demands 
Close Attention. — Serious accidents may result from ignoring it. 
Bridge members may fail; see Figs- ISO and ISl for expansion joints. 
Dangerous stresses may be set up in steam boilers. Pavements may 




Fig. 212. — Expansion joint to allow 
pipe to expand. 


Fig, 213. — Expansion loop in high- 
pressure steam line. 


become distorted, or may even explode. Long pipe-coil radiators may 
buckle and leak and fittings in steam-piping systems may be strained and 
broken, unless proper arrangements which allow for expansion (Figs. 212 
and 213) are provided. 

223. When. The Expansion Or Contraction Tendency Of 
A Solid Is Restrained Or Counteracted, A Strain Practically 
Proportional To The Coefldcient Of Expansion Of The Material 
And To The Temperature Change Is Produced. — The piece 
of copper in the above explanation (Sec. 222) is compressed 
exactly the same amount that it would have expanded had it 
been free to do so. Hence, if the coefficients of expansion and 



184 


PRACTICAL HEAT 


[Div. 7 


elasticity of the material are known, and the temperature- 
change is observed, the stress, due to restrained expansion or 
contraction, in a solid may be calculated. 

ExPLANATiON.~By referring to Fig. 197, it is evident that the expan- 
sion of an unconstrained bar of original length Li is Lie^T, and its length 
after heating is I/i(l ei,T). If, now, the bar is compressed to its 
original length, this expansion length {LieLT) will be the amount of the 
total strain. Hence the unit strain will be : {total strain) {length before 
straining) = Lxei/T Z/i(l + &1jT) — exjT (1 -J- ei,T). 

Now, the expansion coefficient eij is so small that the term ex^T seldom 
even approaches 1 per cent. Hence, it is ordinarily sufficient to say that 
the unit strain ~ ej^T -f- 1 ^ e^T^ which is very nearly true. 

Therefore, the strain is, as previously explained, practically propor- 
tional to the coefficient of expansion and the temperature change. 
Hence, the following equation may be written: 

. per sq. in, stress _ Zfe. per sq. in. 

^ unit strain blT 


Wherein: ~ coefficient of lineal expansion ~ expansion or contrac- 

tion, in inches, per inch original length of body per degree Fahrenheit 
change in temperature. T = temperature change, in degrees Fahren- 
heit. But the first member of this equation gives (Sec. 219) the coeffi- 
cient of elasticity. That is : 


(104) 


Ih. 'per sq^ in. stress 
unit strain 


= E 


(lb. per sq. in.) 


Hence, substituting (104) in (103): 

^ lb. per sq. in. stress ... . . 


Transposing (105) there results: 

(106) lb. per sq. in. stress — EexJT (lb. per sq. in.) 

Or, expressing the stress in terms of the equivalent restraining force, 
in pounds, and transposing, there results the following formula: 

(107) F = BblTA (pounds) 

Wherein; F — the restraining force, in pounds. A = the cross-sec- 
tional area, in square inches, which offers resistance to the force. 

ExAl^IPLE. — In the explanation subjoined to Sec. 222, what compres- 
sive-force is exerted by the vise-jaws if the temperature of the copper is 
raised 200° F.? 

Solution. — For copper, = 0.000,009,3 and E = 16,500,000 lb. per 
sq. in. By For, (106), stress = Ee^T = 16,500,000 X 0.000,009,3 X 
200 = 30,690 lb. per sq. in. 

Example. — The joints of the steel rails in a street-car track are 
welded for a distance of 1,320 ft. The job is done on a summer day. 
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The temperature of the weather drops 35° F. during the following 
night- (1) "What is the resulting tension in the rails if the ends cannot 
give? (2) How many inches will the track shorten if the ends are left 
free? SoLtrTioisr. — For steel, cl = 0.000,006,5 and E ~ 30,000,000 
lb. per sq. in. (1) By For. (106), stress == EclT = 30,000,000 X 
0.000,006,5 X 35 = 6,825 lb. per sq. in. (2) By For. (94), I = LxCxJT — 
1,320 X 12 X 0.000,006,5 X 35 -= 3.6 in. 

QTTESTIOITS ON DIVISION 7 

1. Give some examples of materials expanding in length. 

2. Give examples of peculiar constructions designed to allow for expansion. 

3. What is a coejSicient of lineal ejspansionf How may it be used? 

4. State the formula for computing the length of a bar of material that has been 
heated a given amount. 

5. What is areal expansion^ 

6. State and explain the formula for computing the area of a sheet of material that 
has been heated. Does this formula give an exact value? Why? 

7* State and explain the formula for computing cubical expansion. Does this 
formula give an exact value? Why? 

8. What is a tensile stress? A compressive stress? 

3. In what units are tensile and compressive stresses expressed? 

10. What is shearing stress? 

11. What is meant by stress? Strain? 

12. What is meant by the coeffi.cient of elasticity of a material? 

13. What is meant by permanent set? 

14. State and explain the uses of coefficients of elasticity in computations relating to 
structural materials. 

15. Why are openings left between the ends of the rails of railroad tracks? Why is 
tar placed in the joints of cement pavements? 

16. If a metal body is so confined that it cannot expand, what is the result when it 
is heated? 

17. Why should water in glass jars not be left out of doors in winter? 

18. Why are the water-barrels w’hich are placed on railroad bridges, for protection 
against fire, filled with salt-water? 

19. State and explain the formula for computing the stress set up in a body wherein 
expansion or contraction is restrained, 

20. Do the molecules of freezing water obey the general law which governs molecular 
action in substances from which heat is withdrawn? What is this law? 

21. Why does ice float on water? 

22. How do ice formations act to prevent lakes and rivers in cold latitudes from 
freezing to the bottom? 

23. What causes the water to circulate in a hot- water heating system? 

24. Why is antimony used in type metal? 

26. Why would it be difficult to heat water if no convection currents were set up in 
the mass of water? 

26. Why is it difficult to determine the coefficients of expansion of liquids? 

2 7. Is the coefficient of expansion constant for each liquid? 

28. Is there any difference in the cubical expansion of a liquid as compared with that 
of a solid? 

29. What may happen if heat is applied to a vessel which encloses a liquid? 

30. How is the shrinkage of iron castings compensated for in making the molds? 

31. Are liquids compressible? What would be the probable effect of freezing w’ater 
in a glass jar, if water were highly compressible? 

32. When a boiler is cold, the water stands at a certain height in the gage glaas- 
When the boiler is fired up, the water gradually rises to a higher lev'el. Why? 
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PROBLEMS ON DIVISIOW 7 

1. A brass test-rod (A , Fig. 195) is 26. 1 in. long at a temperature of 40° F. How long 
will it be when heated to 212° F.? What distance will the pointer move over the 
scale? 

2. If a glass test-rod (A, Fig. 195) is inserted in the steam tube, what will be the 
expansion for the same temperature conditions as in Prob. 1? 

3 A steel girder bridge (Fig. 180) is 98 ft, long. What distance will the movable 
shoe travel on the rollers when the temperature of the weather changes from 30° below 
0° F. to 110° above 0° F.? 

4. In bridge construction it is customary, if the length of the bridge is less than 50 
ft., to fasten both ends rigidly. How much would a 50-ft. steel bridge, so secured, tend 
to expand lengthwise for each degree rise of temperature? If the bridge were set on piers, 
what would be the effect of this expansion tendency? 

5. A long pipe line contains a series of expansion joints (Fig. 212). The joints are 
spaced 300 ft, apart. The line is designed to convey steam at a temperature of 300° F. 
It is erected in an atmospheric temperature of 50° P, In the adjustment of the joints, 
what’ should be the least distance, X, to allow for slip as the line expands? 

6. A strip of concrete pavement is to be 30 ft. wide. It is to contain a series of 
expansion joints spaced at 100-ft. intervals. A temperature range of 100° F. is expected. 
Each expansion joint is to be 5 times as long as the maximum amount of lineal expansion 
occurring in each 100-ft, section of the pavement. What should be the length of each 
joint? How much will the surface area of a 100-ft. strip of pavement be increased by 
the expansion due to the anticipated range of temperature? 

7. A concrete beam, reinforced with steel rods, is subjected to a bending load. A 
compressive stress is thus set up in one side of the beam while a tensile stress is set up in 
the opposite side. The tension is taken by the reinforcing rods. The coefficient of 
elasticity of the steel is 28,000,000 lb. per sq. in. If the rods are strained 0.000,1 in. 
per ft., what is the stress in them? 

8. A bar of material is 0.3 sq. in. in cross-section and is 10 in. long. It elongates 
0.002 in. when a load of 1,500 lb. is applied. Find the coefficient of elasticity. 

9. A steel column is 12 sq. in. in cross-section and is 16 in. long. It supports a load 
of 200,000 lb. How much is it compressed? 

10. A line of steam pipe is 375 ft. long. Steel pipe having a coefficient of expansion 
of 0.000,006,3 is used. The cross-sectional area of the pipe is 2.5 aq. in. How much 
will the line expand under a temperature increase of 350° F.? If the line were so secured 
that it could neither stretch nor buckle under the increase of temperature, what force 
would be set up in it? 

11. What is the amount of lineal expansion in a set of steel boiler tubes, 20 ft. long, 
when their temperature is raised from 60° F. to 600° F.? The area of cross-section of 
each tube is 1 sq. in. If cold water could be run into one of the tubes, thus cooling it 
to 200° F. while it is held rigidly at both ends and while the others remain at 600° F., 
what would be the probable stress set up in the cooled tube? 

12. A hot-water heating system contains 500 gal. of water. The coefficient of expan- 
sion of water is 0.000,1. The water is heated from 50° F. to 210° F. If the boiler, pipes, 
and radiators of the system do not expand, what quantity of water will rise into the 
expansion tank? 
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224. Heat Phenomena Of Gases (see note below) are of 
great practical importance because of their application to the 
various heat engines and heat processes with which the 
engineer must deal. While the laws, which will be given and 
explained in this division, will not in all cases apply directly 
to actual heat engines, the fundamental ideas which underlie 
them do apply. Hence, an understanding of these laws is 
essential. Before proceeding, however, the reader should 
review the matter in Secs. 96 to 108 on the molecular theory of 
gases. 

226. A Gas Is Any Substance In The Gaseous State Which 
Closely Follows The General Gas Law. — The general gas law 
is stated and explained in following Sec. 249; for the present 
it need not be further considered. All gaseous substances as 
they depart further from the temperature and pressure condi- 
tions necessary to effect their liquefaction obey more closely 
this general gas law. Gaseous substances which are at or near 
their liquefaction conditions are called vapors and do not 
even approximately obey this general gas law. Hence it is 
apparent that it is the degree of departure of the conditions, 
under which a gaseous-state substance is existing, from its 
liquid-state conditions that determines whether it is a gas or a 
vapor. See note below. 

Note. — The Distinction Between A Gas And A Vapor Is One Of 
Degree. — ^The early scientists gave the name “permanent gas” to such 
gaseous substances as they believed could not be liquefied — as, for 
example, air, hydrogen, oxygen, and nitrogen. More recent investiga- 
tions have shown, however, that all of these substances can be liquefied 
when cooled to very low temperatures. Such substances, as water and 
ammonia, which need not be cooled to very low temperature, to be 
liquefied, were, by the earlier scientists, called vapors when in the gaseous 
state. These terms — “vapor” and “gas” — ^have been preserved, but 
their modem meanings are quite different from theirformer meanings. 

187 
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Any substance, at least theoretically, may exist (in the gaseous state) as 
either a vapor or a gas. Vapors are further discussed in Div. 11. Since 
it is really the ‘‘nearness of a gaseous substance to the liquid state that 
determines whether it is a vapor or a gas, it is obvious that there cannot 
be any rigid line of demarcation between the two. The transition from 
the vapor form to the gas form, or vice versa is not abrupt — it is gradual. 

A vapor has been defined by some physicists as a substance in its 
gaseous state below its certical temperature (Sec. 349); and a gas as a 
substance in its gaseous state above its certical temperature. But these 
definitions are not, apparently, in accord with those of the best modern 
authorities. 

226. The Laws Which Will Be Treated lu This Division 
Apply With Absolute Accuracy Only To A Hypothetical 
^‘Perfect’’ Or ‘‘IdeaP^ Gas. — A perfect gas is one which, when 
heated or cooled, absorbs or gives up no disgregation heat (Sec. 
258). No gas, so investigation shows, is, in this sense, a 
perfect gas. But many gases (air, oxygen, hydrogen, 
nitrogen and the like) are so nearly ^'perfect’’ that the errors, 
which will result from considering them as perfect in engineer- 
ing computations, will be inconsequential. Vapors (Div. 11) 
on the other hand (such as slightly superheated or saturated 
steam, ammonia, carbon dioxide and sulphur dioxide) have 
characteristic properties such that the perfect-gas laws do not 
apply accurately to them. 

Note. — In Dealing With Vapoks, it is ordinarily necessary to use 
values which are taken from tables, as for example Steam Table 394. 
Such values are experimentally -determined ones. Steam and other 
vapors are treated in Div. 11. 

227. The “Condition” Of a Gas — this is a technical term 
which is difficult to defiine — -is determined by: (1) The kind of 
gras; that is, its chemical composition. (2) The weight of the gas. 
(3) Its pressure. (4) Its volume. (5) Its temperature. As will 
be shown, for a given gas, any three of the last four of the 
above items determine the unknown properties. Whenever 
any of these properties of a gas are altered, the gas is said to 
undergo a change in condition or a condition change. It will be 
shown in this division, how changes in one or more of the above 
properties of a gas affect its remaining properties. It will 
also be shown how condition changes are affected by heat 
transfer and external work. 
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Example. — If a quantity of a gas (Sec. 225) such as air, hydrogen or 
nitrogen is compressed (Fig, 214) in a closed vessel, its volume will 
(as the impressed pressure is increased) readily decrease (Fig. 215), in 



Fig. 214. — Illustrating the com- Fig. 215. — Illustrating the effect 

pression of a gas. As the weights of increased compression due to 

1 and 2 are placed on the rod, the addition of third weight- 

gas is compressed. 

proportion to the applied pressure. Or, if the pressure is decreased 
(Fig. 216), the body of gas will expand correspondingly and fill the 
larger space. In compressing the gas (Fig. 215), the falling weight does 
external work on it. All of this work (assuming a frictionless piston and 
no loss of heat) is converted into heat in the compressed gas. Thereby 
the temperature of the gas is increased. When the gas is permitted to 


Retoth/ngf Voke-.^ 



Fia. 216. — Illustrating the effect of Fig. 217. — Illustrating increase 

diminished compression due to re- of pressure by heating. (Compare 

moving weight. with Fig. 214.) 

expand (Fig. 216), it does work in raising the weight. Its heat content 
and temperature are thereby decreased accordingly. 

Now, if heat be applied to the vessel (Fig. 217) and the piston is 
restrained by yoke, Y, from upward movement, the pressure exerted by 
the gas will increase. The added heat (energy) causes an increase in 
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the molecular vibration (See. 52) which produces the increased pressure. 
If (Fig. 218) there is no restraining yoke, the pressure of the gas must, 
as it is heated, remain constant (until P is pushed from the cylinder) but 
the volume of the gas will increase: Obviously, heat energy derived from 

the torch flame (Fig. 218) is converted into 
mechanical energy which does work in raising 
the weights- 

The above-described — and other — gas-con- 
dition changes occur in conformity with certain 
definite laws. It is proposed to consider these 
laws in succeeding sections. 

228. Physical Oas Phenomena Will 
First Be Considered Without Reference 
To Energy Or Work Transfer Or 
Changes. That is, before proceeding 
with the energy relations for gas expan- 
sion and contraction, the following laws 
and subjects will be discussed: (1) Boyle’s 
law, Sec. 230. (2) Charles’ law, Sec. 237. 

(3) Gay-^Lussac’s law, Sec. 240. (4) 

General gas law, Sec. 248. (5) Gas densities, Sec. 253. (6) 

Draft 'produced hy differences in gas density, Sec. 256. It is 
desirable that these laws and subjects be thoroughly under- 
stood before the reader studies the energy and work relations 
which apply in the expansion and contraction of gases. 

229. Certain Laws Which Follow Relate To Changes 
Wherein Some Property Such As Temperature, Volume Or 
Pressure Remains “Constant.’’ — This does not mean that 
necessarily the property must actually remain the same during 
the whole while that the change is occurring in order that the 
law may apply. The laws will apply not only when the 
"'constant’^ condition is not varied while the change is occur- 
ring but they will also apply when after a change, the “con- 
stant’’ property is restored to its original value. 



Torch — 


Fia. 218. — Illustrating 
increase of volume by 
heating. (Compare with 
Fig. 214.) 


Example. — Boyle’s law which follows applies only when the gas 
temperature is maintained constant.'' But the law is effective in 
computing the volume or pressure for a second condition if the volume 
and pressure for the first condition are known, provided the gas tem- 
perature for the second condition is restored to its original value, although 
gas temperature changes may have occurred in the meantime. 






rvagj 


I- First Volume I-Second Volume 

Fio. 219. — ^Boyle*s law — temperature of a given weight of gas kept constant — pressure 
varies inversely as the volume- (Running water maintains gas temperature constant- ) 
The pin holds the piston in fixed positions- In JJT the volume is twice that of J: hence 
the pressure in JJ is M that in J. 


... Isothermal Bpanshn Grofoth 


^Isothermal Compression Gra, 


i 
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' IC- After Ex punsion 

Fiq. 220. — Gas expansion in accord- 
ance with Boyle’s law. (Temperature 
maintained constant through heating 
effect of water jacket.) 


y-l CuTt. of Gois oit 14 Lb. per 
5c». In. Absoluts 


Alter ContrcicTing 
-Werter Jacket Wfth Cool Runn/hgr iTorfer 

Fig. 221. — Gas compression in ac- 
cordance with Boyle’s law. (Constant 
temperature maintained through cool- 
ing effect of jacket- w'ater.) 


of a given weight of gas is kept co7ista7it (Fig, 219), the absolute 
pressure of the gas will vary inversely as its volume; conversely, 
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the volume will vary inversely as the absolute pressure. Note 
particularly that this law applies only when the gas tem- 
perature is maintained constant (see Sec. 229). That is, it 
applies only for isothermal (constant temperature) changes 
(Sec. 271). The law means (Figs. 220 and 221) that with a 
given weight of gas, if the volume of the gas is doubled, its 
absolute pressure will be halved, if its volume is tripled, its 
absolute pressure will then be one third of the original pressure, 
and so on. 

231'. The Problems To Which Boyle’s Law May Be Applied 

are those wherein the volume of a given weight of a gas at a 
certain pressure is known and it is desired to compute the 
volume of the gas at a different pressure^ or the pressure exerted 
by the gas when it occupies a different volume, the gas tem- 
perature being the same for the second condition as for the 
first. In practice, it is regarded more convenient by some 
persons to apply the general gas law of For. (145) for the solu- 
tion of these problems. 

232. The Boyle’s -law Formula, which follows directly 
from the verbal statement of the law, is : 

(108) (ratio) 

Wherein: Pi and P 2 = respectively, the initial and final 
absolute pressures of any given weight of gas at a constant 
temperature (Sec. 229) in any pressure unit whatsoever, but 
both must be in the same unit. V 1 and V 2 ^ respectively, the 
initial and final volumes of the gas, in any volume unit whatso- 
ever, but both must be in the same unit. 

Note. — It Is Important To Note That In Any Problem Which 
Involves Initial And Final Conditions Op Gases, Either Condi- 
tion May Be Considered The Initial And Either The Final Con- 
dition. — Thus, ia applying Boyle’s law, if there is a known value for 
Pa, and Pi is desired, then Pa may be considered the initial and Pi the 
final pressure. The same numeral subscript always refers to one set of 
conditions existing at the same time and must not be confused. That 
is, P 2 always refers to the pressure at a volume of Fa and a temperature 
(see following sections) of Ta- All the gas changes considered in this 
division, however, are reversible (Sec. 154) and may be thought of as 
taking place in either direction. 



Sec. 233] 


HEAT PHENOMENA OF GASES 


193 


Note. — Transposed Forms Op Botle’s Law, which are useful in 
solving problems, are here given: 

(109) y (final absolute pressure) 

(110) ^ 1^1 (final volume) 

Wherein all symbols have the same meanings as stated ixnder For. (108), 
Example. — certain weight of gas is compressed into a steel cylinder 
of a volume of 0.2 cu. ft. (Fi, Fig. 222) and then exerts a pressure of 
200 lb. persq. in. gage. What will 
be the volume of this gas at atmos- 
pheric pressure (0 lb. per sq. in. 
gage) when the temperature in V2 
is the original temperature in Fi? 

Solution. — By For. (110), F 2 = 

P 1 F 1 /P 2 = (200 -h 14.7) X 0.2 
(0 -h 14.7) = 2.92 cu. ft. 

Example. — certain gas con- 
tainer has in it 54,300 cu, ft. of a 
gas when the barometer registers 
29.12 in, of mercury column. Only 
atmospheric pressure is imposed on 
the gas in the container. Without 
leakage and without temperature 
change, it is found that the volume 
of the gas in the container increases 
to 54,650 cu. ft. What is the 
barometric pressure for the larger volume? Solution. — Barometers 
measure absolute pressures. Substitute in For. (109): Pa — P 1 F 1 /F 2 = 
29.12 X 54,300 ^ 54,650 == 28.93 in. merav/ry column. 

233. For A Given Weight Of Gas At A Constant Tempera- 
ture, The Product Of The Absolute Pressure And The Volume 
Will Be Constant regardless of the pressure and corresponding 
volume and vice versa. This is therefore the governing 
relationship for isothermal changes (Sec. 271), This is merely 
another statement of Boyle ’s law because by transposing For. 
(108), there results: 

(111) PiTi = P2V2, — PsTsetc (a constant) 

or this may be written : 

(112) PV = k (a constant) 

Explanation. — A cylinder (Fig. 223) with u niovnl>le piston head, 
P, contains 2 cu. ft. of gas at an absolute pressure of 30 lb. per sq. in. 
13 


CuFf.ai ZOO lb. Per Sc^.In Press. Abs. 
rCylfno/er Of Compressec/ Gos 

. (Tfifs' Spcyce niys Pref A 
■ vfsus'r .^'"roT 

“ <;;• >.p- Irysf 

'r:y.u' Yt’offs.-.. 
b'os Purr 



'-fhe Gcys Is ' At Armcsp/rer/c Pressure 
As The Tiyo Worfer-J erels Are fren 

Fia. 222. — Certain -weight of a gaa, 
compressed to a volume, Vi, of 0.2 cu. 
ft, at 200 Ib. per sq. in. gage pressure. 
What will be its volume, Vz, at atmos- 
pheric pressure? Temperature remains 
constant. 
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For this condition^ pressure X volume — PF'~ 30 X2 = 60. Now 
weights, W (Fig. 224), are added to the movable head until the volume 
of the gas is compressed to 1 cu. ft. (The cylinder is so surrounded with 
running water that it carries away the heat generated by the compression 
and maintains the temperature of G constant.) By the addition of the 


Spechfl Gctofe Grctofuctl^Ql to Sh<m Absolute, 



Fia. 223. — Illustrating Boyle’s law. Fro. 224. — Illustrating Boyle’s law, 1 ou. 

2 cu. ft., at 30 lb. per sq. in. abs. ft. at 6 lb. per sq. in. abs. pressure, 

pressure. 


weights the pressure will be increased to (For. 109) 60 lb. per sq. in. abs. 
But PV = 1 X 60 = 60 as before. For any other pressure and volume, 
their product would be 60. Furthermore, it will be noted from Figs. 220 
and 221, that the product of P and V for any point on either of these 
Boyle’s-law graphs is a constant. Thus: 14 X 1 = 14; 7X2 =14; 
2.8 X 5 = 14; 1.4 X 10 = 14; 1 X 14 = 14. It obviously follows then 
that: 

(113) PiFi = P 2 V 2 = P 3 V 3 etc. = /c (a constant) 

which is the statement of For. (112) above. 

234. The Pres sure -temperature Changes At Constant Vol- 
ume for a given weight of any certain gas were early investigated 
(see note under Sec. 237) and found to follow a general law 
(to be here called Charles^ law) : If a given weight of any gas 
is confined in a fixed volume and its pressure is measured while 
the gas is at 32® F., it will be found that its absolute pressure will 
increase Mo 2 for each 1® F, that its temperature is increased 
— or, its absolute pressure will decrease M 92 for each 1° F. 
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that its temperature is decreased. This relation may be written 
as a formula, thus : 

(114) Pt = P 32 [1 4" M 92 {T — 32)] (abs. pressure) 

or, expressing 2 as a decimal : 

(115) Pt = P 32 [l + 0.002,033 (T - 32)] (abs. pressure) 

Wherein : P the absolute pressure of a gas, in any unit of 
pressure, at a certain temperature, T, and in a certain volume 
F. P32 = the absolute pressure of the same gas, in the same 
units as Pt is measured, when in the same volume, F, and at 
32° F. P = the temperature of the gas when exerting the 
pressure, Pt, in degrees Fahrenheit. 

Example . — A certain weight of gas, when confined in a closed container 
at 32® F., exerts a pressure of 100 lb. per sq. in. abs. Now at 33® E. 
and in the same volume, its pressure will be 3^92 X 100 ~ 0.203,3 lb. per 
sq. in. greater than at 32® F. Furthermore, at 42® F. its pressure will be 
10 X 0.203,3 — 2.033 lb. per sq. in. greater than at 32® F. These same 
results may have been found by using For. (115), thus: At 33° F., 
Pt == PszEl + 0.002,033 (T — 32)] = 100[1 -h 0.002,033(33 - 32)] = 
100(1 + 0.002,033) = 100.203,3 lb. per sq. in. abs. Likewise at 42° F., 
Pt = 100[1 4- 0.002,033(42 — 32) = 100(1 -h 0.020,33) == 102.033 lb. 

per sq. in. abs. 

Example. — ^A cubic foot of air at 32® F. is under pressure of 300 
lb. per sq. in. abs. What would be the pressure if the air were cooled 
in the same volume to 0® F.? Soltjtioh. — B y For. (115), Pt =* Psall + 
0.002,033(T - 32) - 300[1 + 0.002,033(0 - 32)] - 300 (1 ~ 0.065) - 
280.5 lb. per sq. in. abs. 

235. The Volume -temperature Changes At Constant Pres- 
sure for a given weight of any gas were also investigated (see 
note under Sec. 237) and found to follow a similar law to that 
given in the preceding section. The law governing the volume- 
temperature changes at constant pressure for a given weight of 
a gas is to be here called Gay Lussac’s law: If a given weight 
of any gas he so confined that its volume and temperature can he 
varied while its pressure remains constant ^ it is found that the 
volume increases 4^9 2 of the volume at 32° F. for each 1°^ F. 
increase in its temperature; likewise the volume of the gas^ 
decreases 9 2 of its volume at 32° F.for every F. decrease in 
temperature. This relation may be written as a formula, thus: 

(116) Vt = F 32[1 + H 92 (P - 32)] (volume) 
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or, expressing ^^1/492’^ as a decimal: 

( 117 ) Vt = F32[1 + 0.002, 033(r - 32)] (volume) 

Wherein: Vt ~ the volume of a given weight of gas (in any 
unit) at a certain temperature, T, and pressure P. 1^32 — the 
volume of the same gas when at 32° F, and under the same 
pressure P. T = the temperature, in degrees Fahrenheit, 
at which the gas occupies the volume 

Example. — If at 32° P. and at atmospheric pressure a certain weight 
of a gas occupies 2 cu. ft., what volume will that same gas occupy at 
50° F., at 800° F., and at —20° F., the pressure being in each case that of 
the atmosphere? Solution. — By For. (117), V t = V -h 0,002,033 
(T — 32)], Hence, at 50° F., Vt -= 2[1 0.002,033(50 - 32)] = 

2(1 + 0.036,6) = 2.073,2 cu. ft. At 800° F., Vt = 2[1 -f- 0.002,033 
(800 - 32)] -= 2(1 + 1.561) = 5.132 cu. ft. At —20° F., Vt = 2[1 + 
0.002,033(-20 - 32)] = 2(1 - 0.105,7) = 1.788,6 cu. ft. 

236. Our Notion Or Concept Of Absolute Temperature is 

based on- the laws of Charles and Gay Lussac, as given in Secs. 
234 and 235. If an attempt is made, by using For. (114), to 
find the pressure exerted by any gas at the temperature of 
— 460° F., it is evident that the resulting pressure is zero. 
Likewise, cooling a gas at constant pressure to —460° F., 
will, by For. (116), reduce its volume to zero. Hence, if any 
(perfect) gas followed these laws exactly and if it were possible 
to cool the gas gradually to a lower and lower temperature, it 
would be found that, at — 460° F., the gas would occupy no 
volume and would exert no pressure on the wall of its con- 
taining vessel. Therefore, it is logical to assume that no 
lower temperature than —460° F. can ever be attained for, 
if a lower temperature could be attained, then the volume of a 
gas would, by For, (116), become negative — which is incon- 
ceivable. Hence, — 460 F. is called the absolute zero of tem- 
perature and temperatures measured from — 460° F. as a 
starting or datum point are called absolute temperature (see 
also Sec. 61) . As a formula : 

(118) T = T + 460 (deg. fahr. abs.) 

or, transposing : 

(119) T = T — 460 (deg. fahr.) 

Wherein: T = the temperature of any body, in degrees 
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Fahrenheit on the absolute scale. T = the temperature of the 
body in degrees Fahrenheit on the Fahrenheit scale. 

Example. — See examples under Sec. 62. 



1-492’ And (0 Lb. 1-5^' And 10,9 Lb. m.-TOO' And 14.2 Lb. 

Per Sq, Ft Per Sq. Ft per 3q. ft. 


Fio. 225. — Illustrating Charles’ law. With a constant volume of a given weight of 
gas, the absolute pressure varies as the absolute temperature. (See following graph 
for points corresponding to I, II, and III above.) 


237* Charles’ Law may be rempe r^ature Deg. Pahr. 

stated thus: 7/ the volume of -zbo -leo ^iao + 44 o 

a given weight of gas (Fig. -isi — — — — . — . — 

225) is kept constant ^ the 
absolute pressure will vary ^ rttrAbshi 

directly as the absolute temper- ‘jf ' 

ature of the gas. Note par- 
ticularly that this law applies 
only when the volume of the 
gas is maintained constant 
(see Sec. 229). That is, it 
applies only for isometric 

(constant volume) changes aoo f ° wo aoo 

(Sec. 269). This law means Tempero 1 -„r?®geg. Fchr. Abs. 

that, with the volume held f,,,. 226.— Graph illustrating Charles- 
constant, if the absolute tern- Shows variations of pressure with 

, r • • 1 j. r temperature, of any given weight of a 

pel ature of a given weight of perfect gas, which is maintained at con- 
a gas is doubled, its absolute Stant volume and which exerts a pressure of 
• n 1 7 'T_i j lb. persQ. ft. at 32° F. 

pressure will be doubled; if 

its absolute temperature is tripled, its absolute pressure will 
be tripled and so on. Likewise, halving the absolute temper- 
ature halves the pressure, etc. Figure 226 illustrates this 
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Temperature Deg. For hr. Abs- 
3. 226. — Graph illustrating Charles’ 
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fact graphically. See Sec. 239 for proof that the above 
statements are the same as those of Sec. 234. 

Note. — Charles' Law As Jxjst Above Stated Is Also Sometimes 
Called Dalton's Law or Gay Ltjssac's Law. (This should not be 
confused with Dalton's laws of mixed-gas partial pressures Sec, 306, 
which is an entirely different thing.) ^'Dalton in 1801 first published 
the law. Gay Lussac, independently of Dalton, published the law in 
1802. In his publication, Gay Lussac states that Charles in 1787 had 
noted the law but had never published it." (Stone's Experimental 
Physics, p. 92, Ginn <& Co,, 1897). The above “Charles' law" and the 
following Gay Lussac's law" are together often referred to variously 
by different writers as either Charles' law or Gay Lussac 's law. But for 
the purposes of this book, it is deemed wiser to adopt the nomenclature 
which is indicated. 

238. The Problems To Which Charles* Law May Be 
Applied are those wherein the pressure of a given weight of 
gas, which is maintained at a constant volume, is known for a 
certain temperature and it is desired to compute either the 
pressure exerted by the gas at a different temperature or the 
temperature necessary to produce a different pressure. In 
practice, it is regarded as more convenient, by some people, to 
apply the general ga^ law, For. (145), for solving these problems. 

Note. — The Only Changes To Which Charles' Law Applies 
Are Those Which Are Caused By The Addition Or Subtraction Op 
Heat, whereby the gas temperature is varied. The law cannot, since it 
is true only for a given weight of gas at constant volume, hold for changes 
caused by adding or subtracting gas or by compressing or expanding it. 


239. The Charles* -law Formula which expresses the rela- 
tionship as given in the statement of the law (Sec. 237) is: 


(120) 

Pi Tx 

(ratio) 

or. 



(121) 

PiT, 

(final pressure) 

or. 



(122) 

11 

(final temperature) 


Wherein: Pi and P 2 = respectively the initial and final abso- 
lute pressures of any given weight of gas at constant volume, 
which may be expressed in any pressure unit but both must 
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be expressed in the same unit* Ti and T2 = respectively 
the initial and final absolute temperatures of the gas expressed 
in any temperature unit provided both are expressed in the 
same unit. 


Debivation,— By For. (114): Py = P 32 II -h H 92 (T ^ 32)]. By For. 
(119): P == T — 460. Now, substituting for T in For. (114), there 
results : 


(123) Pt = P 32 
Simplifying, there results: 

(124) Pt = P 32 

(125) 


1 1 + - 460) 

_ 492 1 

I 492J 



(126) 


Pt 


492 


(127) 


(128) 


Pt ^ T 
P 32 492 ^ 


Now, 32® F. = 492® F. abs. Hence, by using the symbols of For. (120), 
For. (128) becomes: 



which is the same as For. (120). 

Example. — I f the pressure of a certain weight of gas, the volume of 
which is maintained consti^nt, is 100 lb. per sq. in. absolute and its 
temperature is 300° F. abs.^ what increase in temperature is necessary 
to increase the pressure exerted by this weight of gas to 150 lb. per sq. in. 
abs.? SoLXjTioisr. — By For. (122), T 2 = TiP-^/Pi = 300 X 150 ^ 100 = 
450° F. ahs. This represents a temperature increase of 450 — 300 == 
150^ F. 

Example. — The gage on an airtight compressed-air tank (constant 
volume) registers 115 lb. per sq. in. The air in it has been heated by 
compression to 150° F. What will the gage register when the air cools 
down to 70° F.? Solution.— By For. ( 121 ), Pa = PiTa/Ti = (115 -h 
14.7) X (70 + 460) -i- (150 ■+ 460) = 112,7 lb. per sq. in. ahs.; or 112.7- 
14.7 s= 98.0 lb. per sq. in. gage. 

Example. — Say that 200 lb. per sq. in. is considered a safe gage 
pressure for a certain gas-storage tank (constant volume). Gas is 
pumped into the tank at a temperature of 49° F. until the pressure 
in the tank is 175 lb. per sq. in. gage. If the valves are all closed when 
the tank is full of gas in this condition, what will be the highest safe 
temperature to which the tank may be subjected? Solution. — By 
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For. (122), Ta = TjPs/Pi 
14.7) - 576° F, ahs.; or 576 

240. Gay Lussac^s Law may be stated 
thus: (Fig. 227): If the absolute 'pressure 
of (imposed o'n) a given weight of any gas 
is kept constant, its volume will vary 
directly as the absolute temperature of the 
gas. Note the similarity between this 
and Charles’ law of Sec. 237; with 
Charles’ law the volume is kept constant 
and the pressure varies while with Gay 
Lussac’s law the pressure is kept con- 
stant and the volume varies. Also note 
particularly that Gay Lussac’s law 
applies only when the pressure of, that 
is the pressure imposed on, the gas is 



is, Gay 


Fxa. 227.-Air confined maintained Constant. That 

under constant pressure. LuSSac’s laW applies Only for 

(constant-pressure) changes (Sec. 270). 
piston plug and that of This law means (Figs. 228 and 229) 
:“f%ons™the that, With the pressure held constant, 
pressure imposed on and if the absolutc temperature of a given 
weight of gas is doubled, its volume 
will be doubled; if its absolute tem- 
perature is tripled, its volume will be tripled and so on. 
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Fia. 22 S. — Diagram illustrating Gay Lussac’s law. x^Tivui » g 
constant pressure, the volume varies as the absolute temperature. See following graph 
for points corresponding to I, II, and III, above.) 
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Likewise, Lalving th.e absolute temperature halves the volume; 
with the original absolute temperature the volume will be 
of the original volume, etc. 


241. The Problems To 
Which Oay Lussac’s Law 
May Be Applied are those 
wherein the volume of a given 
weight of gas, which is main- 
tained at a constant pressure 
is known for a certain tem- 
perature and it is desired to 
compute either the volume of 
the gas at a different temper- 
ature or the temperature 
necessary to produce a 
different volume. Note that, 
in practice, it is usually more 
convenient to apply the 
general gas law, For. (145) for 
solving these problems. 



Fia. 229. — Graph illustrates Gay 
ussac’s law. Shows variation, of volume 


T. T- rr^ r-^ rrt coustaiit prcssure and which occupies a 

Note.— The Only Changes To .^oiume of 12 ou. ft. at 32“ F. 

Which Gay Lussac’s Law Applies 

Are Those Which Are Caused By The Addition- Or Subtraction- 
Op Heat, whereby the gas teraperature is varied. The law cannot, 
since it is true only for a given weight of gas at constant pressure, hold for 
changes caused by adding or subtracting gas or for changes by com- 
pressing or expanding it mechanically unless heat is simultaneously 
abstracted or added at just the proper rates to maintain the pressure 
constant- 


242. The Gay Lussac’s-law Formula, which expresses 
mathematically the preceding verbal statement of the law, is: 


(130) 

F, 

or, 


(13i) 

F^ 

or, 


(132) 

T 2 


(ratio) 
(final volume) 


(final tfunp.) 
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Wherein: Vi and Yz = respectively the initial and the final 
volumes of the gas which may be expressed in any unit of 
volume, but both must be expressed in the same unit. Ti 
and T2 = respectively the initial and final absolute tempera- 
tures of the gas expressed in any temperature unit provided 
both are expressed in the same unit. 

Derivation. — The formula given above (130), can be derived from 
For. (116) just as was For. (120) derived from For. (114) in Sec. 239. 

Example. — A given weight of a gas is confined at atmospheric pressure 
and occupies 75 cu. ft. at 520° F. abs. What volume will it occupy at 
635° F. abs. and at the same pressure? Solution. — By For. (131), 
V2 = F1T2/T1 = 75 X 635 520 = 91.6 cu, ft. 

Example. — body of gas at 580° F. abs. is compressed to one third of 
its original volume. To what temperature must it be cooled to reduce 
its pressure to the same value as that before the compression? Solu- 
tion.— By For. (132), T 2 = TiFa/Fi - 580 X 1 3 = 193° F, abs. 

Example. — ^If a certain weight of a flexibly confined gas (Fig. 230), 
which is maintained at constant pressure has a volume of 9 cu. ft. at 
32° F., what will be its volume when the gas is heated to 52° ? What 



Fiq. 230. — Showing decrease in volume at constant pressure due to 10° F. decrease in 

temperature. 


would be its volume if the gas were cooled to 22 ° F. ? Solution. — By 
For. (118), T - T + 460. Hence Ti, (32° F.) = 32 -f- 460 = 492° F. 
ahs. Also, T 2 (52° F.) = 52 + 460 = 512° F, abs. And, T 3 ( 22 ° F.) = 
22 + 460 - 482° F, ahs. By For. (131), = Vi T2/T1 = 9 X 512 

492 = 9.37 cu. ft. Also, Vs = F1T3/T1 =- 9 X 482 492 = 8.8 cu. ft. 

Example. — If 100 cu. ft. of air at 60° F. is drawn into a boiler furnace, 
what volume will this air occupy: (a) In the combustion chamber where 
the temperature is 2,350° F. ? (h) In the last pass of the boiler where the 

temperature is 500° F. ? (c) In the stack where the temperature is 250° 

F. ? The pressure of the flue gases is, practically, atmospheric pressure 
in all parts of a furnace, boiler, and stack. Hence, the pressure may be 
assumed to be constant in this example. 

Solution. — By For. (118), T « T 4- 460. Hence, Ti (60° F.) = 60 -f 
460 = 520° F. abs. Also, T 2 (2,360° F.) « 2,350 -h 460 = 2,810° F. ahs. 
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and Ta (500° F.) 500 + 460 = 960° F. abs. and T 4 (250° F.) == 250 

460 = 710° F. ahs, (a) By For. (131), Vz « F 1 T 2 /T 1 = 100 X 2,810 -J- 
520 = 540 cu, ft, ( 6 ) Also, Fs = F 1 T 3 /T 1 = 100 X 960 -i- 520 = 185 
CM. ft. (c) And, F 4 == F 1 T 4 /T 1 = 100 X 710 - 4 - 520 - 137 cw. ft. 

243. A Combinatioii Of Two Of The Three Fundamental 
Taws (Boyle’s, Charles’ And Gay Lussac’s) May Be Employed 
To Determine The Effect Of Simultaneous Changes In 
Volume, Pressure, And Temperature, for a given weight of any 
gas, when values for all three of these properties are known 
for the initial condition and values for two of them are known 
for the final condition. (See Table 244.) Firsts to find the 
result due to the changes in two of the properties, one of the 
laws is employed. Then, one other of the laws is applied 
(using the Value obtained in the first operation) to compute 
the effect of the change in the third property. In any case, the 
two formulas which are used are the ones in both of which the 
unknown quantity (V, JP, or T) appears. The following 
example explains the operation. 

Note. — ^For. (133) Which Combines In One Botub’s, Charx.es’, Anh 
Gax Ltjssac’s XiAws, Mat Be Used Instead Of The Above Expxained 
Operation. — Or, in practice, the general gas law, Sec. 249, which is usu- 
ally more convenient and which is of broader application is, ordinarily, 
employed. The material in the preceding and following sections is 
included principally to permit of a logical development of the general gas 
law of following Sec. 249. 
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jEjXaaipIjE. a. cylinder (I^ig. 231) contains 1 cu. ft. of gas at an absolute 
pressure of 15 lb. per sq. in., and temperature of 500° F. abs. Now, the 
absolute pressure. is increased (Fig. 232) to 30 lb. per sq. in. Then, the 
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Fig. 231. — Illustratins the 
initial condition of the gas in 
the example. 


Fig. 232. — First change; change 
of volume and pressure in accord- 
ance with Boyle’s law. 


temperature is increased (Fig. 233) to 600® F. abs. 
What is the resulting volume? (The final result 
would be the same if the above-specified changes 
all occurred simultaneously instead of occurring 
one after the other.) 

SonuTiON. — Call the volume of the gas after the 
first change (Fig. 232) F 2 '. Then, in accordance 
with Boyle’s law, the final volume due to the 
pressure change alone, as given by For. (110) = 
V 2 ' = F 1 V 1 /P 2 = 1 X 15 ^ 30 = 0.5 aa. ft. Then 
according to Gay Lussac’s law, the volume due to 
the temperature change alone, as given by For, 
(131) - F 2 = F2'T2/Ti = 0.5 X 600 500 = 

0.6 cu. ft. 

245. The Formula Which Combines 


.'Adlcieci Weight 



Temperatures 


Boyle’s, Charles’, And Gay Lussac’s Laws 233 .— Second 

and which applies for a given weight of change; change of voi- 
any gas, the derivation of which is given 
below, is this: Fussac’s law. 


(133) 


(units as noted) 




206 


PRACTICAL, HEAT 


[Div. S 


Or, by transposing, 

(134) (final abs. pressure) 


(135) Fa = p T, (final 

2X 1 

(136) r> rr (final temperature) 

Wherein: Pi and P 2 = respectively, the initial and final abso- 
lute pressures of the gas in any pressure unit but both must be 
in the same unit. Vx and F 2 = respectively, the initial and 
final volumes of the gas in any volume unit but both must be in 
the same unit, Ti and T 2 == respectively, the initial and final 
absolute temperatures of the gas both on the same scale. 

Derivation. — ^Repeating the three fundamental gas-law formulas and 
stating them in their general forms without employing any specific units: 
Boyle's law, For. (108) is: 

( 137 ) ^ 

Charles' law, For. (120) is: 

(138) ^ or PiT* 

Gay Lussac's law, For. (130) is: 

(139) ^ ^ or FiT, TsTi 


Now multiplying together the second forms of each of the above equa- 
tions, there results : 

(140) PiFi X P 1 T 2 X F 1 T 2 - P 2 F 2 X P 2 T 1 X F 2 T 1 
Or performing the multiplication indicated above: 

(141) Pi^FL^'Ta® = Ps^Va^Ti^ 

Extracting the square root of both sides of the equation: 

(142) P 1 F 1 T 2 = P 2 F 2 T 1 
Or transposing to a more convenient form: 


which is the same as For. (133). 

Example. — Solve, using For. (133) transposed, the example which is 
given under Sec. 244. Solution. — By For. (135), F 2 = P 1 F 1 T 2 /P 2 T 1 
= 15 X 1 X 600 500 X 30 -= 0.6 cu. ft. 

Example. — A certain quantity of air (Fig. 234) has a volume of 40 
cu. ft. when at a pressure of 30 lb. per sq. in. abs. and a temperature of 
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80® F. The air is permitted to expand until its volume is 80 cu, ft. and 
simultaneously its temperature is reduced (by cooling) to 50® F. What 
is the absolute pressure which is exerted by the air at the end of its 
expansion? SoLUTioisr. — ^80° F. = 80 


-h 460 540® F. ahs. 50® F. - 50 
4 - 460 = 510° F. ahs. Now, by For. 
(134), Pa = P 1 F 1 T 2 /F 2 TZ - 30 X 40 
X 510 80 X 540 — 14.2 lb. per sq. 

in, ahs. 

Example. — a city is supplied 
with natural gas (Fig. 235) -under an 
agreement to pay 25 ct. per 1,000 cu. 
ft. when the gas is measured at at- 
mospheric pressure (14.7 lb. per sq. in. 
abs.) and at 60° F., what should the 
city pay for 20,000 cu. ft. measured 
at 90° F. and 300 lb. per sq. in. gage? 
SoLTTTioisr. — Since this is a problem 
involving a given weight of a given 


'Steel Corttafrrer 
V 



Recrds 60 Deg. R&acfs 50 

I- Original 3I-Fin«l 

Condition Condition 


Pig. 234. — ^What is the final pressure, 
of the air? 


gas, it may be solved by the combined gas law, See. 245. Applying 
For. (135), Vi = P 1 F 1 T 2 /P 2 T 1 = (300 + 14.7) X 20,000 X (460 -b 
60) [14.7 X (460 + 90)] - 314.7 X 20,000 K 620 -5- (14.7 X 540) 


412,300 cu. ft. Hence, the city should pay S0.25 X (412,300 -5- 1,000) — 


$103.08. 



''Hi^fi-pressure Oas Pipe line To City Mcffns 


PiQ. 235. — ^At 25 ct- per 1,000 cu. ft. measured at 14.7 lb. per sq. in. abs. and at 60® F.» 
how much does the city owe for the day’s supply of gas? 


Note. — Terms Used In Those Heat-engine Problems, Which 
May Be Solved By Applying The General Gas Law Formulas, an.^ 
which should be understood before proceeding, are: The ^‘bore^* of an 
engine is the internal diameter of its cylinder — ^the outside diameter of 
its piston. The stroke” of an engine is the lineal distance, along the 
cylinder, which is swept through by the piston; it is equal to the travel 
of the crosshead. The ^‘clearance” or clearance volume” of an engine 
is the volume of space, in the engine cylinder, left between the adjacent 
cylinder head and the piston when the piston is at the end of its stroke. 
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plus the volume of the part which, leads to it; clearance is usually 
expressed as a ratio in per cent thus : Clearance = {clearance volume) / {vol- 
ume swept through by piston). The ^^displacement volume^ ^ of an engine 
is the volume through which the piston sweeps. 

Example. — A gas engine, which has a clearance of 20 per cent., draws 
in a charge of gas at atmospheric pressure and at a temperature of 70° F. 
The charge completely fills the clearance and the displacement volumes. 
The charge is then, prior to ignition, compressed into the clearance. The 
gage pressure, which the gas then exerts, as shown by a pressure gage, is 
145.3 lb. per sq. in.; what is the temperature of the gas? 

SoLiTjTi03sr. — ^T 2 ~ the unknown. Ti = 70 + 460 == 530° F. ahs. Pi — 
14.7 lb, per sq. in. abs. P 2 = 145.3 -h 14.7 = 160.0 lb. per sq. in. abs. 
Yi = {displacement volume) + {clearance volume) = 100 per cent. + 20 
per cent. = 120 per cent. V 2 clearance volume = 20 per cent. Now^ 
substitute in For. (136): T 2 - P 2 F 2 T 1 /P 1 F 1 = (530 X 160 X 20) h- 
(14.7 X 120) = 1,696,000 -5- 1,764 == 961° F. abs. or 961 - 460 = 501° F. 

EIxample. — Assume that the charge of gas, after being compressed, as 
in the preceding example, is ignited. If the temperature — combustion 
temperature — ^then becomes 3,258° F. and the piston has not moved 
from the final position which was specified in the example just preceding, 
what then will be the pressure against the piston? 

Solution. — Since the gas charge here considered is the same one that 
was used in the first gas-engine example, the same original, initial condi- 
tion may be taken for the preceding example and for this example. 
Hence: Pi = 14.7 lb. per sq. in. abs. P 2 ~ the unknown. Vi = 120 
per cent. Fa = 20 per cent. Ti = 530° F. abs. T 2 = 3,258 + 460 = 
3,718° F- abs. Now, substitute in For. (134): P 2 = PiFiT 2 /F 2 Ti == 
(14.7 X 120 X 3,718) (20 X 530) - 6,558,552 10,600 = 618.7 lb. 

per sq. in. abs. Another Solution Of This Same Example could be 
effected by using in this example the final-condition values from the 
preceding example, thus: P 2 = P 1 F 1 T 2 /F 2 T 1 = (160 X F X 3,718) -5- 
(F X 961) == 594,880 - 5 - 961 =- 618.7 lb. per sq. in. abs. or 618.7 — 14.7 = 
604 lb. per sq. in. gage. 

Example. — The same charge of gas, which was considered in the two 
examples just preceding, was ignited and exploded in the previous 
example. It now expands and pushes the gas-engine piston before it to 
the end of the expansion stroke. If the pressure exerted by the gas 
at the end of its expansion stroke is 40 lb. per sq. in. abs., what is its 
temperature? 

Solution. — Since the gas charge which is considered here is the same 
one that was used in the first gas-engine example, the same original, initial 
conditions which were employed in the two examples just preceding may 
be used in this example. Hence: T 2 = the unknown. Ti = 530° F.afea., 
from the preceding example. Pi = 14.7 lb. per sq. in. abs. P 2 = 
40 lb. per sq. in. abs. V remains constant, since for both the second and 
the first conditions it is 120 per cent. Now substitute in For. (136): 
T 2 = P 2 F 2 T 1 /P 1 F 1 = (530 X 40 X V) ^ (14.7 X F) = 21,200 14.7 = 
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1,442° F. abs. Another Solution Op This Same Example could be 
effected by using in this example, the final-condition values from the 
preceding example, thus: T 2 = P 2 E 2 T 1 /P 1 F 1 == (3,718 X 40 X 120) -=- 
(618.7 X 20) = 17,846,300 - 12,347 - 1,442° F. abs. 


246* For Any Given Weight Of A Perfect Gas, The Quo- 
tient, Which Is Obtained By Dividing The Product Of Its 
Absolute Pressure And Volume By Its Absolute Temperature, 
Is A Constant; that is, the quotient has the same value for 
any condition of the gas. This is merely a statement, in 
words, of the fact which is expressed mathematically by For. 
(133). Or, the same fact stated in still another way is: 


(144) 



(constant) 


Wherein: JF* = the absolute pressure, which is exerted on or 
by any weight of the gas, in any pressure unit. V = the 
volume, of the same weight of gas when it is exerting the 
pressure P, in any volume unit. T == the absolute tempera- 
ture, of the same weight of gas when it is exerting the pressure 
P, in any temperature unit, fc = a constant value, for the 
given weight of gas, for any pressure- volume-temperaturo 
condition, the pressure, volume, and temperature respec- 
tively being always expressed in the same unit for each differ- 
ent condition. That is, this k represents a constant value in 
the same way that the value of k (Sec. 112) in the Boyle’s-law 
formula remains constant for any given weight of a gas. 

247. Values Of ''k’’ For 1 Lb. Of Different Gases have 
been determined experimentally for practically all of the 
known gases. In this book such values are denoted by the 
symbol They are, for some of the more common 

gases and for certain measurement units, given in Table 251. 
These Table 251 values hold only for 1 lb. of gas where: (1) The 
volume is measured in cubic feet, (2) The absolute pressure is 
measured in pounds per square foot, (3) The temperature is 
measured in degrees Fahrenheit absolute. If measurement 
units other than those just specified in (1), (2) and (3) are 
employed, then the ka values will change accordingly. 

Explanation. — In Determining Experimentally Tqe Value Of 
ka For A Given Gas, it is only necessary to measure simultaneously 
the: (1) absolute pressure, and the corresponding (2) volume^ (3) absolute 
14 * 
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tem'peraiwre^ and (4) weight of the quantity of gas under consideration. 
The quantity may be any that is convenient. Similarly, the pressure 
and the corresponding volume and temperature condition may be any 
that are convenient. Then, applying For. (144), multiply together the 
corresponding absolute pressure, P, and volume, F, and divide their 
product by the absolute temperature, T. The result will be k for the 
total quantity of gas under consideration. As stated in the preceding 
section, the value of k for any given weight of any certain gas will always 
be the same regardless of its pressure, volume and temperature condition. 
Then, by dividing the value thus computed by the number of pounds 
in the total quantity of gas, the value of k for 1 lb., that is, the value of 
ka is obtained. To explain the reason for this, suppose that 1 lb. of a 
gas, at a given temperature and pressure, occupies 1 cu. ft. It is obvious 
that, at the same pressure and temperature, 2 lb. of the gas must occupy 
2 cu. ft., and W pounds must occupy W cu. ft. Now, since k — PF/X 
and since F varies directly as the weight of gas under consideration, it 
follows that k must also vary directly with the weight. 

Note. — ^It Is Also True That, For Ai^ Gas: ko = specific 

heat at constant pressure) — {Its specific heat at constant volume)] X 778. 
This is here stated merely as an interesting fact; no endeavor will be 
made herein to explain the reason therefor. 

Example. — ^It is found by experiment that 1 cu. ft. of air at atmos- 
pheric pressure and at a temperature of 32'^ F., weighs 0.080,71 lb. 
What is the gas constant, k^t for air. Solution. — By definition, 
atmospheric pressure — 14.7 lb. per sq. in. dbs. = 14.7 X 144 = 2116.8 
lb. per sq. ft. abs. Also, taking the more accurate value of ''459.6®,^' 
instead of the usual “460°^' for the difference between the absolute 
zero and the Fahrenheit zero: 32® P. = 32 + 459.6 == 491.6® F. abs. 
Now substitute in For. (144) to obtain the constant for this weight 
(0.080,71 lb.) of air == k = PF/T = 2116.8 X 1 491.6 - 4.306. The 

same constant “4.306^' would be obtained, for this weight of air, for any 
other temperature — pressure — ^volume condition. Now divide by the 
weight of air to obtain the gas constant for 1 Ih. of air == ka = 4.306 -h 
0.080,71 = 53.34, which is the same value as that given for air in 
Table 251. 

248. The General Gas Law (The Perfect-gas Law) states 
the relation which exists between the pressure, volume, abso- 
lute temperature, and weight of a perfect gas. It is generally 
expressed as an equation as shown by For. (145). It is a 
very important law and one with which every engineer should 
be familiar because it recognizes in one equation every property 
of a given gas that may change, that is, which is variable. 
It is based 'on a combination of Boyle's, Charles' and Gay 
Lussac's laws, as is shown in the following derivation. 
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249. The General-gas-law Formulas are given below. 
Note that, in substituting in these formulas, po^^n<is-per- 5 g^ 4 ar 6 - 
foot absolute-pressure values and degrees Fahrenheit absolute- 
temperature values must be used. But these may readily 
be derived from gage-pressure and degree-Fahrenheit values, 


as explained in Secs. 

17 and 62. 


(145) 

hence, transposing: 

PV = WkoT 

(pressure and volume) 

(146) 

p WfeoT 

F 

(lb. per sq. ft. abs.) 

furthermore: 



(147) 

^W^/cgiT 
^ ^ P 

(cu- ft.) 

and: 



(148) 

II 

(deg. Fahr. abs.) 

and: 



(149) 

PV 

w = 

koT 

(lb.) 

and: 

PV 

WT 


(160) 

(gas constant) 

and : 



(151) 

^ V kni: 

r (lb. per cu. ft.) 


Wherein: P = the absolute pressure of the gas, in pounds per 
square foot. V = the volume of the gas, in cubic feet. 
W = the weight of the gas, in pounds, ko = sl constant 
which varies with the kind of gas and with the units of measure- 
ment which are used; for the units here specified, values for 
different gases are given in Table 251. T = the absolute 
temperature of the gas in Fahrenheit degrees. D = the 
density of the gas, in pounds per cubic foot. 

Derivation. — For. (144) is merely another way of expressing For. 
(133) which is derived, as there shown, by combining Boyle’s, Charles’ and 
Gay Lussac’s laws. Now, For. (144) is for *^any given weight of gas.” 
That is, it assumes that the weight of gas under consideration is con- 
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stant. Thus, repeating For. (133) but using symbols which express: 
(1) Pressure in pounds per square foot, (2) volume in cubic feet, (3) tempera- 
ture in degrees Fahrenheit absolute, there results : 

PV 

(152) h = (constant for any given weight of gas) 

Now, by definition, ka = gas constant for 1 lb, of gas. It was shown 
under Sec. 247 that if ko, 'which is the gas constant for 1 lb. of the gas 
which is under consideration, be multiplied by W, which represents the 
total weight in pounds of the gas, the result will be k, the constant for the 
total amount of gas. That is: 

(153) k = Wka (constant for any given weight of gas) 

Now, substituting the equivalent of k from For. (153) in For. (152) there 
results: 

(154) Wko = ^ 

and then transposing: 

(155) WkGT - PV 
which is the same as For. (145). 

260. The General-gas -law Formulas Are The Engineer’s 
Practical Working Formulas. — Any problem which can be 
solved by applying either Boyles', Charles', or Gay Lussac's 
laws can be solved with them. Furthermore, by their use 
many problems, to which none of these three laws apply, can 
be worked. Hence, they are the only formulas that need be 
memorized for any of these computations. The examples 
which are given below illustrate only a few of their many 
applications. 

Note. — The General Gas Law Holds Only For Perfect Gases — 
as they are defined in Sec. 226 as do all of the other laws treated in 
this division. In fact, the following definition is sometimes given: 

A gas which has properties such that it conforms exactly to the general gas 
law is a perfect gas. But the performances of many ordinary gases con- 
form sufficiently to the general gas law that, for the usual engineering 
computations, it provides results well within the limits of required 
accuracy. 

251. Specific Heats, Values Of “k” And Values Of “/co’’ 
For Some Of The More Common Gases. — Specific-heat 
values shown are average values over the temperature ranges 
(32®~400° F.) ordinarily encountered in practice. Values in 
line 9 are variable. All others are from Marks' '^Mechanical 
Engineers' Handbook," See Sec. 247 for units which must be 
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employed when the ka values are used. The substances of 
items 1, 2 and 10 are not to be treated as gases unless highly 
superheated; see Div. 11. . 


Specific heat 



Chem- 





Name of gas 

ical 




constant 


symbol 

At constant 

At constant 

^ Cv 

= (Cp - 


pressure, 

volume. 


Cf) X 77S 



Cjp 

Cv 



Sulphur dioxide 

SO 2 

0.154 

0.123 

1.25 

24.10 

Carbon dioxide 

CO 2 

0.210 

0.160 

1.31 

35.09 

Oxygen 

O 3 

0.217 

0.155 

1.40 

48.25 

Air 


0.241 

0 . 171 

1 . 40 

63.34 

Nitrogen 

N3 

0.247 

0.176 

1.40 

54.99 

Ethylene 

CM* 

0.400 

0.330 

1.20 

55.08 

Carbon monoxide. - . . 

CO 

0.243 

0.172 

1.41 

55.14 

Acetylene 

1 C 2 H 2 

0.350 

0.270 

1.28 

59.34 

Blast furnace 


0.245 

0.174 

1.40 

55.05 

Ammonia 

! NHs 

0.523 

0.399 

1.31 

90.50 

Methane 

CH4 

0.593 

0.450 

1.32 

96.31 

Hydrogen 

1 H... 

3.42 

2.44 

1.40 

765.9 


252. The Problems Which Can Be Solved With The 
General Gas Law, Fors. (145) to (151)^ are: (1) Those in 
which values for four of the five 'pro'perties — pressure^ volume y 
temperature^ weighty and hind of gas — of a quantity of gas are 
known for a certain condition and it is desired to determine the 
value of the fifth property for that condition, (2) Those in 
which values for four of the five properties of a quantity of gas 
are known for a first given condition andj for a second condition, 
two of the values change while the other three remain constant; 
then, knowing the final value of one of the changed properties, 
the value of the other changed property may he computed. 

Example. — A vessel (Fig. 236) contains 5 lb. of air. The gage pres- 
sure is 20 lb. per sq. in. The temperature is 90® F. What is the cubical 
content of the vessel? Solution. — The absolute pressure = (20 + 14.7) 
X 144 = 5,000 lb. per sq. ft. The absolute temperature = 460 4- 90 — 
550° F. ahs. From Table 251, ko for air = 53.34. Now substituting 
the known values in For. (147); V = WkoT/P = (5 X 53.34 X 550) 

5,000 = 29.3 cu. ft. 
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EXAMPI.E. — A receiver (Fig. 237) contains 800 cu. ft. of compressed 
air at a gage pressure of 120 lb. per sq. in. Its temperature is 80° F. 
What is the weight of the air. Soutttiok. — The absolute pressure = 

(120 + 14.7) X 144 = 19,400 Z6. per sq. ft. 
The absolute temperature == 460 -{- 80 = 
540° F. abs. From Table 251, ko for air 
== 53.34. Now substitute in For. (149): 
W - PV/kaT - (19,400 X 800) (53.34 X 

540) = 539 lb. 

T/^ermofnefer 

60 De^. /a/jK , 

Pre-ssure Ocrae Pecticfs 
J20 Lb. Per 


T/7er/77o/77e/e/=-.^yf\ 

Peaa^ 20 > 

Ljb.Per5 t 



• C 


■ c . C • • • ■ 
• ■ 60 0 Cu. Ft. 
Compressed A.ir 



aKTcTo g o o o"^ 

b.'7ee7-bree: 

Fig. 236. — ^Wliat is the volume 
of the vessel? 






Wc/cfec/ Sheet -Steel Pece/ver-^ 

Fig. 237. — What is the weight of the air? 



Fig. 238. — What is 

the gage pressure? 


Example. — ^It is desired to store 50 lb. of oxygen 
gas in a metal cylinder (Fig. 238) which is 3 ft. in 
diameter and 8 ft. long. What must be the pres- 
sure shown by the gage on the tank when it con- 
tains 50 lb. of oxygen, if the oxygen is pumped in 
at a temperature of 120° F. ? SoLUTioisr. — The 
volume of the tank = 0.785 X 3 X 3 X 8 == 56,5 
cu. ft. From Table 251, for oxygen, ka — 48.25. 
The absolute temperature — 120 4- 460 = 580° F. 
abs. Now substitute in For. (146): P == 'WkoT/V 
= (50 X 48.25 X 580) 56.5 -= 24,765 lb. per sq. 

ft. abs. Pounds per square inch absolute = 24,765 
144 = 171.9 lb. per sq. in. abs. Gage pressure 
= absolute pressure — 14.7 = 171.9 — 14.7 = 157.2 
lb. per sq. in. = pressure which should he shown by 
gage on cylinder. 

Example. — ^An air compressor pumps 120 cu. 
ft. per min. of free air (atmospheric pressure), 
which is at an average temperature of 70° F. 
Disregarding the effect of moisture in the air, what 
is the weight of the air which is pumped each 
minute? Solution. — From Table 251, for air, 
ko == 53.34. Now, substitute in For. (149): W = 
PV/kaT = [(14,7 X 144) X 120] ^ [53.34 X (70 
-h 460)j = [2,116.8 X 1201 ^ [53.34 X 530] = 
254,016 28,276 == 9.0 lb. 
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Example In Which The Values For Four Properties Abe Knowh 
For a First Giveist Condition And, For A Second Condition, Two 
Op The Values Change While The Other Three Bemain Con- 
stant, it being necessary to determine the final value of one of the 
changed properties: A steel container holds 800 cu. ft. of air which 
is at a pressure of 19,400 lb. per sq. ft. abs. and a temperature of 540° F. 
abs. What will be the pressure exerted by the air if its temperature is 
increased to 600° F. abs.? Solution. — ^From Table 251, for air, ka — 
53.34. Hence, by For. (149), W =* PV /koT = 19,400 X 800 (53.34 

X 540) = 538.7 Ih. Now substitute in For. (146): P = Wfc^T/V = 
538.7 X 53.34 X 600 -f- 800 = 21,567 Z6. per sq, ft, abs. 

253. The ‘^Density^^ Of Any Substance is its mass per unit 
of volume. In engineering density is usually considered as the 
weight of a unit volume of a substance — ^that is, if a body’s 
weight be divided by its volume, the result is called its density. 
The weight and volume may be measured in any convenient 
units. If the weight be measured in pounds and the volume 
in cubic feet, the resultant density is expressed in pounds 
'per cubic foot. This unit (lb. per cu. ft.) is very widely used 
in engineering work. The formula for density, expressed 
in this unit, is: 

(156) D = - (lb. per cu. ft.) 

which, by transposition, gives: 

(157) ■■ — (cu. ft.) 

and 

(158) W = VD (pounds) 

Wherein : D = the density of a substance, in pounds per cubic 
foot. W ~ its weight, in pounds. V — its volume, in cubic 
feet. 

Example. — If 6 cu. ft. of water weigh 375 lb., what is the density 
of the water? Solution. — By For. (156), D = 'W/V = 375 6 = 

62.5 lb, per cu, ft. 

Example. — If the density of air (under certain conditions) is 0.1 lb. 
per cu. ft., what volume will S lb. of air occupy? Solution. — By For. 
(157), V =- W/E - 8 -f- 0.1 == 80 cu. ft. 

Example. — What weight of hydrogen will be contained in a 5-cu. ft. 
container if the density of the hydrogen is 0.03 lb. per cu. ft.? Solu-. 
tion. — By For. (158), W — VD = 5 X 0.03 — 0.15 lb. 
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264, The Density Of Any Substance Will Vary with its 
temperature or with any other property which affects its 
volume. Thus, since heating a solid expands it but does not 
(ordinarily) change its weight, it is obvious that heating will 
decrease the density of a solid. With gases, the density 
depends on the pressure, temperature, and kind of gas. With 
a given weight of a certain gas, the density varies with the 
pressure and temperature. Formulas for the density of a gas 
and for its variations with pressure and temperature are 
derived by substituting from For. (156) into the gas-law 
formulas which have already been developed. Thus, for a 
given weight of any gas at constant temperature (Boyle’s 


law) : 



(169) 

Pi 

(ratio) 

or 



(169A) 

Pi 

(final density) 

at constant volume. (Charles’ law) : 


(160) 

Di = £>2 

(density) 

at constant pressure (Gay-Lussac’s law) : 


(161) 

Ti 1)2 

Ts Di 

(ratio) 

or 



(162) 

~ ~t7' 

(final density) 

For a given weight of any gas (combined law) : 


(163) 

Pi P2 

2)iTi £> 2 X 2 

(ratio) 


or 




TgPi 


(164) 


(final density) 
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Now from For. (156) Dp = W/F. Then, substituting 
this Df for its equivalent in For, (151) for the general gas law, 
it follows that for any gas. 

( 1 ^^) koTp 

Wherein: D = density. P = absolute pressure. T = abso- 
lute temperature. The units may be any convenient ones; the 
subscripts i and 2 referring respectively to the initial and 
final conditions of a gas which undergoes a change of condition. 
Dp ^ density, in pounds per cubic foot. Pp = absolute 
pressure, in pounds per square foot. Tf == absolute tempera- 
ture, in degrees Fahrenheit. Tcq = gas constant, as given in 
Table 251. 

Example. — ^T he density of a certain gas is 0.2 lb, per cu. ft. when 
under 200 lb. per sq. in. abs. pressure. What will be the density of the 
same gas under 30 lb. per sq. in. abs. and at the same temperature? 
Solution. — By For. (159J.), D 2 = JD 1 P 2 /P 1 — 0.2 X 30 -h 200 = 0.03 Ih. 
per cu. ft. 

Example. — If the density of air is 0.15 lb. per cu. ft. when under a 
certain pressure and at 40® F., what will be its density when under the 
same pressure but at 1,140° F.? Solution. — By For. (162), £>2 = 
£>iTi/T 2 = 0.15 X (40 + 460) -f- (1,140 -+• 460) = 0.15 X 500 1,600 = 

0.047 Ih. per cu. ft. 

Example, — given weight of gas, when under 30-in. mercury column 
and at 60° F. has a density of 0.06 lb. per cu. ft. What will be its den- 
sity when under 10 in. mercury column and at 20° F.? Solution. — B y 
For. (164), D -2 = P 1 T 1 P 2 /T 2 P 1 = 0.06 X (60 + 460) X 10 -f- [(20 + 
460) X 30] = 0.06 X 520 X 10 V (480 X 30) == 0.021,7 Ih. per cu. ft. 

Example. — WTiat is the density of oxj^gen at atmospheric pressure and 
32° F. ? Solution. — From Table 251, ko (for oxygen) — 48.25. Hence 
by For. (165): Dp = Pp/koTp = (14.7 X 144) ^ (48.25 X 492) = 
0.089,2 Ih. per cu. ft 

256. Table Of Absolute And Relative Densities Of Various 
Gases. (Based on values in Marks' “Mechanical Engineers' 
Handbook/' p. 316). Carbon dioxide and ammonia, at the 
pressure and temperature given, are sufficiently superheated 
that they may reasonably be considered as gases. 
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Absolute density in lb. 



per cu. ft., at atmos- 

Relative 

Kind of gas 

pheric pressure, or 14.7 
lb. per sq. in. absolute 

density as 
compared 



to air 


64° F. 32° F. 



Air 

0.0761 

0 . 0807 

1.000 

Oxygen 

0.0840 

0 . 0892 

1,105 

Nitrogen 

0.0737 

0.0783 

0.970 

Hydrogen 

0.00529 

0 . 00662 

0 . 0696 

Carbon monoxide 

0.0734 

0.078 

0.968 

Carbon dioxide. . . 

0.1156 

0.1227 

1,520 

Ammonia * 

0.04483 

0.0476 

0.590 

Acetylene 

0.0684 

0.0725 

0.899 

Methane 

0.0421 

0.0447 

0.554 

Ethylene 

0 . 0738 

0.0780 

0.969 
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256. Air Drafts Are Caused By Differ- 
In The Density Of The Air. — 

When a body of air 
is heated it expands; 
its density decreases. 

It thus becomes 
lighter per unit of 
volume . Ther ef o re , 

it tends to ascend, 
due to its displace- 
ment by the cooler 
and heavier air from 
above. Thus the less 
dense air is forced 
upward by the denser 
air above it just as a 
cork is forced upward in water by the 

denser water above it. Toy balloons (Fig. 239), also many 
balloons which are built for actual service, derive their 
buoyancy from the low-density hot air and combustion gases 


o. 239. — Hot gas lifts 
the toy balloon. 


Clcfss Front—' 

Fig. 240. — Air-draft pro- 
duced by heat. 
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with which they are inflated. The draft (see the author’s 
Steam Toilers) which is produced by all chimneys, power- 
plant and others, likewise depends upon this principle. 

— ^Two glass cbixaney-tubes, A and B (Fig. 240) are placed 
over apertures in a box, C, -which has a glass side. A lighted candle is 
placed in. the tube B. Thereby the air in tube B becomes heated and 



Fig. 241. — Bam ventilated by rising warm-air currents. (Tbe air in tbe stall JBloor, 
F, becomes warmer than the outside air due to the heat given off by the animals. It is 
then displaced by colder outside air and forced up through ducts, Z5.> 

its density decreases. Therefore it rises, due to its displacement by the 
cooler denser air which decends through tube A. A draft is thus 
produced which forces the smoke downward from the smoldering fire at 
the top of A. The smoke can then be seen flowing down through chimney 
A into the box, C, and thence upward through chimney B. See also 
Fig. 241. 

Example. — Each of the chimney-tubes, A and B (Fig. 240) is assumed 
to be 100 ft. high and of 1 sq. ft. cross-section. The temperature in tube 
A is 64° F., and in tube B 464° F. What pressure, in inches water 
column, tends to force the smoke up through tube B? Solution, — By 
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Table 255 tbe density of the air in tube A under atmospheric pressure at 
64° F. = 0.076,1 lb. per au. ft., tbe absolute temperature in tube A == 
400 -f- 64 = 524° F. ahs., and in tube B = 460 -h 464 = 924° F. abs. 
By For. (162) the density of the air in tube B = Z )2 = -C^iTi/Ts ~ (0-076,1 X 
524) “5“ 924 — 0.043,2 Z&. percu.ft. TAxe volume of air in each tube = 100 X 
1 = 100 cti. PiencQ, the weight of the air in tube A — 100 X 0.076,1 = 
7.61 lb., while the weight of the air in tube B = 100 X 0.043,2 = 4.32 lb. 
Therefore, the boosting pressure in tube B — 7.61 — 4.32 = 3.29 lb, per 



Fig, 242 . — Illustrating chimney draft (the three-flue chiinney provides draft for the fur- 
nace and cook-stove and also, by means of ventilators, -S* and R, ventilates the rooms). 

sq. ft. — 3.29 -5- 144 ~ 0.022,8 lb. per sq, in. By For. (9) the equivalent 
height of water column = Pj — 27.684P = 27.684 X 0.022,8 — 0.634 in. 
water column. 

Example. — The chiinney of a dwelling (Fig. 242) extends 35 ft. above 
the furnace in the basement. The temperature of the outside air is 
32° F. The average temperature of the gases inside the chimney is 
450° F. What is the draft pressure produced thereby, in inches of water- 
column? Solution'. — By Table 255 the density of air at 32° = 0.080,7 lb. 
per cu. ft. By For. (162), the approximate density of the combustion 
gases in the chimney — D 2 ~ B 1 T 1 /T 2 = 0.0807 X (460 + 32) (460 + 

450) = 0.043,6 lb. per cu. ft. The pressure of the column of chimney gases 
(on line AB, coinciding with furnace grate) = 35 X 0.043,6 = 1.53 lb. per 
sq. ft. The pressure^ of an equivalent column of the external air = 35 X 
0.080,7 == 2.87 lb. per sq. ft. of base area. Hence, the draft-pressure = 
2.82 - 1.53 = 1.29 lb. per sq. ft. = 1.29 144 = 0.008,96 lb. per sq. in. 

By For. (9), the equivalent height of water column — Pi — 27.684P 
= 27.684 X 0.008,96 = 0.248 in. water column. 
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257, The Heat Effects In Gases Axe Different From Those 
In Solids And Liquids. — As explained in Sees. 96 and 102, 
(Div. 4), the addition of heat to a solid body always produces 
an increase in its temperature (the heat does vibration work, 
Sec. 97, and does only an inappreciable amount of external 
work (Sec. 99). If the solid is at its melting temperature, then 
the addition of heat does disgregation work (Sec. 98) and an 
almost inappreciable amount of external w^ork. Likewise, 
the addition of heat to a liquid always increases its temperature 
(does vibration work) and does only an inappreciable amount 
of external work; if the liquid is at its boiling temperature, 
then the addition of heat does disgregation work and an 
appreciable amount of external work. But, the addition of 
heat to gas at any temperature may or may not increase its 
temperature, may or may not do external work, and, as will 
be shown, never does any disgregation work. Whether or not 
vibration or external work is done, depends on the rates at 
which the gas is heated and at which it is permitted to do 
external work. The gas temperature may even increase with- 
out the addition of any heat from without*, These phenomena 
will be explained in following sections, 

258. No Disgregation Work Is Done When A Perfect Gas 
Is Heated Or Cooled. — The truth of this statement was first 
shown by Joule with the appar- 
atus shown in Fig. 243. Later 
experiments by Lord Kelvin (Sir 
William Thompson) revealed 
that Joule's results were slightly 
in error. The experiment is now 
frequently referred to as the 

Joule-Thompson effect." 

Explan ATioisr. — Joule placed two 
equal-sized containers (A and B, Fig. 

243) in a tank of water, TF, and 
provided a very sensitive thermome- 
ter, Tf for measuring the tempera- 
ature of the water. The tank, W, was 
well insulated to prevent heat flow into or out of TF. He compressed 
air into A until the pressure was 22 atmospheres and exhausted all of the 
air from B, After the whole apparatus had reached the temperatures 


Thermomofer 



Fig. 243. — The apparatus which was 
used by Joule to prove that no disgrega- 
tion work is done when a gas expands. 
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of the room, he opened the valve, Yj in the pipe which connected A and 
B and watched T to observe how the temperature would vary. He 
could observe no variation. 

Now, as explained in Sec. 96, the three ways in which heat may be 
expended are as vibration work, disgregation work, and external work. 
This thought is expressed by For. (60) which is repeated here : 

(166) Q = Qv 4- Qn (B.t.u.) 

Wherein; Q == heat added to the substance. Qipr = heat expended in 
doing vibration work, Qjd = heat expended in doing disgregation work. 
Qj 2 = heat expended in doing external work. All quantities being 
expressed in British thermal units. 

Now, in Joule’s experiment: (1) No heat was added to or abstracted 
from the air because the whole apparatus was insulated and was at room 
temperature. Hence Q = 0. (2) No change in temperature was noted. 

Hence, no vibration work was done, and Qr == 0. (3) No external work 

was done by the air because there was no means of conveying it to or 
from the apparatus. Hence, = 0. Therefore, by substituting the 
values obtained in Joule’s experiment into For. (166), after transposing 
there results: Qi> = Q — — Qm = 0 — 0— 0=0. Hence, it was 

concluded that for air Qn = 0. 

The later experiments by Lord Kelvin showed that, although the 
temperature remains nearly constant in the above-described experiment, 
there is a slight variation. The variation is very slight for the ‘‘perma- 
nent” gases (Sec. 348) at ordinary temperatures and it is assumed that for 
a perfect gas (Sec. 226) there would be no variation. The variation for 
actual gases grows larger, the lower the temperature at which the experi- 
ment is performed. The reason for this is that the gases become more 
and more like vapors, Div. 11, as their liquefaction temperatures are 
approached. 

259, Heat Transferred To (Or From) A Perfect Gas May 
Produce (Is Produced By) Either Or Both Of Two Effects — 
Vibration Work And External Work. — Since it is possible 
to increase the temperature of a gas by heating it, it is obvious 
that heat energy, when added to a gas, can do vibration work. 
Furthermore, since heating a gas often causes it to expand or 
increase in volume, it is also obvious that the added heat 
energy can cause the gas to move substances (moving ikf and W 
in Fig. 233 for example) which restrict its volume. That is, 
the added heat energy can cause the gas to do external work. 
In any case, the amounts of vibration work and external work 
that are produced depend on the rate at which expansion is 
permitted to proceed. 
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SixAMPLE. — Suppose, Fig. 244, th.at a certain weiglit of gas is confined 
in a cylinder whicla is fitted with a handled piston, thermometer, and 
pressure gage. At 70"* F., and 30 lb. per sq. in. abs. the gas is found to 
occupy 1 cu. ft. (condition a, Fig. 244). The piston is now held in the 
position shown while heat is applied to the cylinder until the thermometer 
reads 600° F . The gage will now show a pressure of 60 lb. per sq. in. abs. 
(by Charles’ law. Sec. 237). But, since the gas did not force out the 



pirecfion Offeree 


Pressure 6cfae 
Peaefs JO lb. 
Per Sc^.Jn Abs. 


Tfermomefer 
600 

'•6as Burner 



W'iS'"’ 




(a) storting Condition (b) I n+ermedioi+e Condition (c) finoil Condition 

l“Aololeot Hedt Ooin^ Vibration Work 3I-Aololeol Heoct Doin^ Externcui Work 
Fiq. 244, — Illustrating how the heat energy which is added to a gas may do either vibra- 
tion work or external work. 


piston, it did no external work. Hence, the heat added in passing from 
condition a to condition & was all used in raising the temperature of the 
gas — in doing vibration work. 

When condition h is reached, the heating is continued but, instead of 
holding the piston in one position, the operator now, partially restraining 
it, permits the piston to rise at such a rate that the thermometer con- 
tinually shows 600° F. After an interval, the volume of the gas will have 
increased to 6 cu. ft. and the pressure will have decreased to 10 lb. per 
sq. in. abs. (condition c, Fig. 244). In passing from condition 6 to 
condition c, the gas has done external work in forcing out the piston 
against the resistance of the operator’s hand but, since the temperature 
remained constant, no vibration work was done. Hence, in II, the heat 
energy was all used in doing external work. 

260. A Gas Generally Does External Work When It 
Expands. — All gases exert pressure. If a gas is confined in a 
closed vessel, it exerts pressure on the walls of the vessel 
because the gas molecules, in their vibratory motion, strike 
the walls of the vessel (Sec. 50). Therefore, the walls of the 
vessel provide a resistance to the pressure of the gas. If the 
gas is permitted to expand, then the walls of the vessel or a 
part of them must have been moved. This motion of the walls 
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of the vessel constitutes an instance of motion against resis- 
tance (which is work. Sec. 20). But the pressure of the gas 
has aided in (or been the entire cause of) the motion of the walls 
of the vessel. Hence, the gas has, by reason of its pressure, 
done external work. 


/Volume^ CPis f oh Arecfjx Lj 


Explanation. — Assume that a certain weight of gas is confined 
between the end of a cylinder A, Fig. 245, and a piston, M, which has been 
inserted through the open end of the cylinder. The gas exerts a certain 

pressure against the face of the piston. 
This pressure tends to force the piston 
out of the cylinder (in the direction 
of the arrow). If the piston is per- 
mitted to move to the position N, the 
gas must have aided in the piston’s 
motion. Therefore, the gas has done 
external work. 

Note: — A Throttling Oh Fric- 
tional Expansion is one during 
which no external work is done by 
the expanding fluid. This occurs 
when a gaseous substance flows 
through a small opening from a region of high pressure to one of lower 
pressure, gaining velocity as it flows, which velocity is then destroyed. 
The substance is said to do work on itself as it increases its velocity — 
the work being stored in the substance in the form of kinetic energy. 
But, when the kinetic energy disappears as the velocity again decreases, 
the kinetic energy is reconverted into heat energy. Instances of 
throttling expansion are: (1) Joule’s experiment, Sec. 258, (2) The 

pressure drop which accompanies the flow of a gaseous fluid through a 
pipe or restricted opening. Throttling expansions will not be further 



Fig. 245. — Showing that an expanding 
gas does external work. 


discussed in this division, 
vapors. 


See Sec. 387 for the throttling expansion of 


261 . Work May Be Represented Graphically By An Area. — 

As defined in Sec. 21, work is the product of force times distance. 
Since the area of any figure or diagram is the product of a 
length times a height, it is possible to so draw a figure that its 
length shall represent a distance (or force) and that its height 
shall represent a force (or distance). Then, its area must 
represent work (see explanation below). It will also be shown 
that work may be represented by a figure whose height repre- 
sents pressure and whose length represents volume. 


Explanation. — Assume that a constant force of 12 lb. is required 
(Fig. 246) to move an object in a given direction and that the oVjject is 
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moved 8 ft. from a starting point by this force. A rectangle OECD, 
Fig. 247, is drawn, 12 units in height and 8 units in length. Its area 
(12 X 8 = 96 squares) then represents 96 units of work. Since each 


Scotle Of oH+cunce unHs 
5 10 IS 20 25 



Fig. 246. — Object W moved 8 ft. by a 
constant force of 12 lb. 



Uni+5 Of Dls-focnce Cbeng+h) 


Fia. 247. — A force-distance work 
diagram. The shaded areas rep- 
resent work. 


unit of height represents 1 lb. and each unit of length represents 1 ft., each 
unit of area represents 1 lb. X 1 ft. or 1 ft.4b. Hence, the area OECD 
represents 96 ft.-lb. of work. If, now, a constant force of 9 lb. is required 


(Fig. 248) to move the object from 
the 8~ft. mark to a 15-ft. mark 
(measured from the same starting 
point as above), the force of 9 lb. 
will act through a distance of (15 
— 8) or 7 ft. Hence, for this 
second movement the work done 
~ 9 X 7 = 63 fL-lb. as represented 
by the area EEFG, Fig. 247. 

Assume, in a second case (Fig. 
249), that a constant force of 48 
lb. acts through a distance of 40 ft. 


teal© 0-f Oistcnnc© Units 
O 5 10 15 eo 25 


Object Movdp 

H Spring balance 
i Reads 9Lb^-, 

1 w 

Fig. 248. — Object 'W moved 7 ft. by a 
constant force of 9 lb. 


A unit of height may be taken to 

represent a force of 4 lb. Then the 48-lb. force will be represented by 12 
units (OB, Fig. 247). A unit of length on the diagram may be taken to 
represent 5 ft. Then, the 40-ft. distance will be represented, by 8 units 


Seal© Of Distance Units 
1 ^ 5 4 S 6 7 


1 H 


-A0"-0”- 

Distance ^ 
Moved-'"' 


A&Lb Force 
To Move Object^ 


Fig. 249. — Object M is moved 40 ft. by a 48-lb. force. 


(OD, Fig. 247). The work done by the force will then be represented, as 
in the first case by the area OBGD or 96 area work units. But now each 
area unit represents 4 lb. X 5 ft. = “20 ft.-lh. Hence, in this case, the area 

15 
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Fig. 250. — Porce-distance “work 
gram for a varying force. 


dia- 


O BCD represents 96 X 20 — 1,920 ft Ah. which is the work done by the 
48-lb. force acting through a distance of 40 ft. 

Note. — ^The Area Uistder A FoRCE-DisTAisrcE Graph Aeso Repre- 
sents The Work Done When The Force Is Not Constant. — If, 
Fig, 250, in acting through the first 4 ft., a force increases uniformly from 

4 to 6 lb., then the work done = {average 
force) X {distance) — [(4 -f- 6)/2]X 4 
= 5 X 4 = 20 ft.-lh. which is the area 
of the figure ABCL>, Then, if in 
acting through the next 4 ft.’ the 
force increases to 7 lb., the average 
force will be 6.5 lb. and the work done 
= 6.5 X 4 or 26 ftAb.jSiS represented 
by the area DCEF. If then the force 
in acting through the next 6 ft. de- 
creases uniformly to 5 lb., the average 
force will be 6 lb. and the worh done 
= 6 X 6 or 36 ftAb., as represented 
by the area PEGU. Thus the area ABCEGHA represents the total 
work done by the varying force in acting through the total distance of 
14 ft. That is, total worh done — 20 -F 26 -f- 36 = 82 ft Ah. 

262* The Area Under A Pressure -volume Graph Also 
Represents Work, as is explained below. The pressure- 
volume graph can readily be 
drawn for an expanding (or 
compressed) gas. Hence, the 
finding of the area under such 
a graph affords a convenient 
means for finding the work 
done by the gas during its 
expansion or on the gas during 
its compression, 

Expeanation. — Assume that 

(Fig. 251) a cylinder is fitted with 
a tight-fitting piston between 
which and the end of the cylinder 
there is a volume, Fi, of 2 cu. ft. 
of a gas at a pressure of 5 lb. per 
sq. ft. abs. Assume that, by heat- 
ing, the gas is caused to expand at 
constant pressure to a volume, F 2 , 
of 8 cu. ft. Plot, as shown by the 
lower diagram in Fig. 251, pressures along the vertical scale AB and 
volumes along the horizontal scale AC. The line ab will represent the 



Fia. 251. — Pressure-volume work dia- 
gram showing work done by expansion. 
(Absolute pressure in cylinder is assumed 
to remain constant.) Work done — Vol- 
ume X Pressure =(S — 2)X5 = 6 X 
5 = 30 St.-lh. 
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expansion of the gas. Since each, unit of volume represents 1 cu. ft., 
each division such as ac which represents 1 cu. ft., must also represent a 
certain distance through which the piston was moved. If the area of 
the piston in square feet is denoted by the symbol Ajp, then ac will 
denote a distance of: 1 cw. ft. Ai> sq. ft. = 1/Apft. Also, since a 
pressure of 1 lb. per sq. ft. is represented by each vertical division on 
the graph, each division such as ea must also represent a certain force 
on the piston. This force is 'pressure X area — 1 X A^ lb. Hence, each 
square of the area, Wj such as acde, must (see explanation under Sec. 261) 
represent (1/Aj>) X (1 X Ap) ~ 1 ft lb. Therefore, the work done by 
the expanding gas is represented by the area xahy or 5 X 6 ~ 30 ft-lb. 



Volumes In Cubic Feet 


Fig. 252.— PressTire- volume work diagram with falHng pressure. iWork J>one ^ 
Volume X Pressure = (8 — 2)X5*=6X5=»30 ft.-Xb. 

Note. — The Akea Under A Presstjre-voltjme Graph Also Bepre- 
SEN-TS Work When The Pressure Is Not Constant. — ^Thus, if the 
pressure behind the piston of Fig. 251 had varied as shown by the line 


Fig. 253. — Work diagram with rising and ^ r [.^y^rorqh Heights 

falling pressures. Since the areas under ^ 

each of the lines ac, cd, de, etc. are each 1 ’C g f 

unit wide, the work done along each line (ac, 

cd, etc.) in foot-pounds is numerically equal B j. 

to the average height shown. (The total ) b 

work done may be computed thus: The T~ t' ^ ' 

average heisht of strip ac32 = (3 -{“4) -7-2 

3.5; of cd43 == 4; of dc54 = (4 -{- 5) ^ 2 « T": 

4.5; of e/65 ~ 5; of /g7^ = (5 -f- 3) ^ 2 — 

4; and of gh87 *= 3. Hence, for this diagram, r ; 

the average pressure « (3.5 + 4 -b 4.5 +5 4- Volumes InCu. Ft. 

4-4-31 -h- 6 =‘ 4^ lb. per so. ft. The horizontal 

length of the diagram indicates: displacement volume ^ 8-2 = 6 cu.ft. Hence, ^ 
indicated by the hatched area of the diagram, work done = pressure X volume = 4 X 
6 = 24 ft.-lb.) 

ah in Fig 252, then the average pressure would have been 5 lb. per sq. 
ft as indicated by the dashed line a,bi and the work done would be repre- 
sented by the shaded area of 30 ft.-lb. The finding: of the wo^ -^llZ 
different variations of the pressure is shown in Figs. 253 and 254. WTiere 




S -T 'nQ. 
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> i 

•7 

i 9 


Volumes InCu. Ft. 

3 .-. 2 = 6 cu. ft. Hence, as 
.e = pressure X volume = 4 X 
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greater accuracy is required than can be obtained by using vertical 
strips 1 cu. t. wide, the diagram may be divided into strips each having 
a width of only a fraction of 1 cu. ft. as in Fig. 255. For the greatest 

accuracy, a planimeter ot area-measur- 
ing instrument is employed (see the 
author’s Steam Engine Principles 
and Practice” and also Sec. 503). 


Fig. 254. — Work diagram with, con- 
tinuously varying pressure. The number of 
foot-pounds represented by each vertical strip 
is found exactly as in Fig. 253- As repre- 
sented by the hatched area: Total 'work done 
«« Pressure X Volume ~ [(4.6 -f- 5.3 -f- 5.3 
f 2 3 4 5 6 7 8 4 - 5 4 - 4.4 -f- 3 . 5 ) 6] X (8 — 2) «= 4.68 X 

Volume s m Cu. Ft. g = 28 . 1 / 25 .- 22 ?. 

Notes. — I isr Thejrmodtnamic Comptjtations, Volijmeis Abes Alwats, 
Unless Othebwise Specified, Takek In Cubic Feet And Pbessukes 
In Pouivds Peb Squabe Foot. This is to insure that the work values 
which result from the computations will be in foot-pounds. Why this 
is true may be understood from a consideration of the following 
derivation. 

Fig. 265. — ^Another pressure-volume work 
diagram. The work^diagram is divided into 
strips each cu. ft. wide, the average height 
of each strip being indicated. The work 
represented by each strip is therefore equal to 
0 ^ the average height of the strip) ft.-lb. 

The total work done, which is represented by 
the hatch ted area, may be computed thus: 

Average -pressure = (460 -f- 520 535 510 

-f 450 -f 375 -b 320 + 280) -s- 8 = 431.25 lb. 
per sq. ft. Displacement volume == 4 cu. ft. 

Hence, total work done == Pressure X Volume 
= 431.25 X 4 = 1,725 ft.-lb. 

263. To Compute The Work Done By The Expansion, Or 
In The Compression, Of A Gas Or Vapor When The Average 
Pressure And The Initial And Final Volumes Are Known, use 
the following formulas : 

By expansion: 

(167) W == P(F 2 — ‘Fi) (foot-pounds) 

By compression: 

(168, TF =P(Fx^F 2 ) (foot-pounds) 

Wherein: TF = work done by the gas or vapor in expanding or 
done on the gas or vapor in compressing it, in foot-pounds. 
P = average absolute pressure exerted by (or on) the gas 






' 1 2 . ? 

VoluYTies in CuF + 
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during its expansion (or contraction), in pounds per square 
foot; this is the average of all of the pressures — not merely the 
mean of the initial and the final pressures. Vz = final volume 
of the gas, in Cubic feet, l^i = initial volume of the gas, in 
cubic feet. 

Examples. — See Eigs. 215, 252, 253, 254 and 255 for examples which 
illustrate the application of the above formula. Certain of these illus- 
trations also show how the average absolute pressure, P, is computed. 

Derivation. — When the piston (Fig. 245) stands at 4/, the volume of 
space between the piston and the cylinder head may be expressed by; — 

(169) Vi = AJLii (cubic feet) 

Wherein: Vx = the volume, due to position ikf, in cubic feet. A = 
the area of the piston, in square feet. L% ~ the distance, due to position 
M, between the piston and the cylinder head, in feet. When the piston 
is moved to N, then the volume of space between the piston and the 
cylinder-head may, similarly, be expressed by: 

(170) Vz = AJjz (cubic feet) 

Wherein: Fa — the volume, due to position N. in cubic feet. = 
the distance due to position JNT, betw^een the piston and the cylinder head, 
in feet. Now, the average force exerted in moving the piston from M 
to N may be expressed by: — 

(171) F == AP (pounds) 

Wherein: F = the average force, in pounds, exerted against the piston, 
P == the average pressure against the piston, in pounds per square foot. 
A — piston area, in square feet, as before. Now, the work which is 
done, due to the movement of the piston against an external force, may 
be expressed by: 

(172) IF = P(Z /2 — Z/i) (foot-pounds) 

Wherein: W = the work done, in foot-pounds. {Lz ~ Li) = the distance 
through which the piston moves, in feet. F ~ the average pushing force, 
in pounds, as above. Now substituting for F in For. (172), its equivalent 
AP from For. (171) there results: 

(173) TF = APiLz — Di) = P{ALz — ALi) (foot-pounds) 

Now substituting in For. 173 for ALz and APi, their equivalents Vz 
and Fi from Fors. (170) and (169), there results: 

(174) TF — P(Vz — T^i) (foot-pounds) 

which is For. (167). By a similar process of reasoning For. (16S) for com- 
pression may be derived. 

Note. — The Imaginary Graph Of Fig. 252 and certain others w^hich 
immediately precede and follow, are included only to illustrate the gen- 
eral principle under discussion. The values obtained by the actual 
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expansion of gases and in heat engine practice are always, as will be 
shown, such that that they will not plot into simple straight-line graphs. 

264. The ‘‘Effective Work” Done By An Expanding Gas 

is equal to the total work minus the hack-pressure work. 
The discussion of the preceding sections concerned only the 
total work as do most of the following sections. However, 



Pig. 256. — Pressure-volume diagram for 
gas expanding in atmosphere at 5 lb. per 
sq. in. gage constant pressure. 


as is explained below, when a 
gas expands behind a piston 
the other side of which is 
subject to atmospheric or 
other pressure, then only a 
portion of the work done by 
the gas on the piston, is 
effective in doing useful work. 

c ExpiiAxatiok. — S uppose that 
^ the piston of Fig. 251 is subjected 
^ at its right or open end to atmos- 
t pheric pressure and that the pres- 
sure of the expanding gas within 
the cylinder remains 5 lb. per sq. 
in. gage during the expansion. 
Then the work diagram for the 
expansion will be as represented in 
Fig. 256. A total pressure RP 
due to the expanding gas is tend- 
ing to force the piston to the right, 
but a pressure RQ is tending to 
force the piston to the left. The 
total shaded area (17,280 ft. lb.) 
then represents the total work done 
by the expanding gas but the lower 
portion of the area represents work 
done (12,960 ft. -lb.) in overcoming 
the resistance of the atmosphere 
and only the upper portion of the 


area (4,320 ft.-lb.) represents the work available or “effective” for over- 


coming additional resistances. Hence, the lower area is called the 
hack^pressure work, whereas the upper area is called the effective work. 
Their sum is called the total work. 


Note that, when the pressure is plotted in pounds per square inch, 
the work is found by multiplying the product of the pressure and the 
volume change by “144” which is the number of square inches in 1 sq. 
ft- Each unit of height on the graph represents a pressure of 1 lb. per 
sq, in. or 144 lb. per sq. ft. 
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265. The Specific Heat Of A Gas May Have Any Value 

whatsoever depending on how much work the gas is permitted 
to do as it is heated. See Sec. 88 for the definition of ^‘specific 
heat.^' As was explained in Sec. 259, the heat which is added 
to a gas can be expended in either or both of two ways — in 
raising its temperature and in doing external work. Hence, 
the quantity of heat that must be added to each 1 lb. of a gas 
as its temperature is increased 1® F. (its specific heat) consists 
of two parts — (1) The vibration heat, (2) The external-work 
heat. The vibration heat is always the same for 1 lb. of a 
given gas heated through F. but, as will be shown, the 
external-work heat will depend on the quantity of work that 
the gas is permitted to do while its temperature is being raised. 
Since the gas may expand in any number of ways or may be 
compressed while it is heated, it follows that, as above stated, 
the specific heat may have any value whatever. Certain 



expand and hence can 
do no external work. 


principal values of the specific heats of 
gases will be discussed in following 
sections. 



Fig. 258. — “Work diagram” for a constant- 
volume, pressure and temperature change — (10 ou. 
ft. of gas at 5 lb. per SQ. ft. absolute and 200® F. 
absolute = 10 cu. ft. of gas at 20 lb. per sq. ft. 
absolute and 800° F. absolute, but no external work 
is done). 


266. The Specific Heat Of A Gas When Its Volume Is 
Maintained Constant, Fig. 267, is a very useful value. It will 
be represented by Cv and. referred to as specific heat at constant 
volume. By Charles’ law (Sec. 237) the pressure of a given 
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weight of gas, when heated in a constant volume, varies directly 
as its absolute temperature. Hence, the pressure-volume graph 
for a constant-volume heating is a vertical straight line FE^ 
Fig, 258, under which there is no area. This is as may be 
expected for, when a gas does not expand its volume does not 
change and hence it does no work. Therefore all of the heat 
added to a gas at constant volume is vibration heat and is 
effective only in raising its temperature. The specific heats 
of various gases at constant volume are given in Table 251. 

267. The Specific Heat Of A Gas When Its Pressure Is 
Maintained Constant, Fig. 259, is another very useful value. 



Fig. 259. — Heating a gas at constant pressure — gas expands as it is heated and docs 
work in moving the piston upward. 


It will be represented by Op and will be referred to as specihc 
heat at constant pressure. More heat is required to heat a gas 
through 1° F. at constant pressure than at constant volume 
because at constant pressure the gas expands, Fig. 259, and 
does external work. Enough heat must be added to increase 
the temperature and, besides this, the heat equivalent of the 
external work must also be added. It is interesting to note that 
for a given gas, Cp is independent of the pressure under which 
the gas is heated (see example below) . 
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Example. — If 1 lb. of air at 32“ F. is confined in a volume of 1 eu. ft., 
it will, by For. (146), be under a pressure of 26,230 lb. per sq. ft. abs. 



Fig. 260. — Showing how the specific heat of a gas at constant pressure is a constant 
for all pressures. (In each case the weight value indicated is the total weight on the 
gas including weight of piston and atmospheric pressure.) 



(Fig. 260-J). As the air is heated at con- 
stant pressure to 132® F. its volume will 
increase to 1.203 cu. ft. (Fig. 260-1 J). 
Hence, the exteTnal work dene by the gas — 
(pressure) X (volume change) — 26,250 X 
0.203 '= 532 fL-lb, Therefore, the heat added 


-Temperoffurs 

JQerr70/r7S 

Cor7Stofr7t 



Fig. 261. — When a gas 
expands and is heated sim- 
ultaneously at such rates 
that its temperature remains 
constant; its specific heat is 
infinite. See also Fig. 262. 


Fig, 262. — When a gas is simultaneously 
cooled and compressed at such rates that 
its temperature remains constant during 
the process, its specific heat is infinite. 


= Cv {1\ — Ti) + (532/77S) = 0.171 X 100 + 0.0S4 = 17.7S4 B.t.u. 
If, however, the 1 lb. of air at 32“ F. occupied a volume of 3 cu. f+.. 
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its pressure would be 8,750 lb. per sq. ft. (Fig. 260-JJ/). On being 
heated to 132° F. it would expand to 3.609 cu. ft. (Fig. 260-7 F) 
and the external work done = 8,760 X 0.609 == 532 ft.-lh. as before. 
Hence 17.784 B.t.u. must have again been added in passing from 777 
to 7F. 

jSToTE. — O ther Values For The Specific Heat Of A Gas Mat 
Be Fotjnt> Wheist The Pressure Anto Volume Of The Gas Both 
Vart during a change. Thus, if the gas is permitted to do external work 
at the same rate as that at which heat is added to it, Fig. 261, then the 





^S' 




I '6 n'a 


^-rVo Inf/otv Or Cjf'f/oiV’ Of 


Figf. 263. — Specific heat is zero when 
a gas is compressed without loss or gain 
of heat (adiabatic compression). 



Fia. 264. — When a gas is heated 
and expanded simultaneously at 
such rates that the temperature is 
decreased, the specific heat is 
negative. 


temperature remains constant in spite of the addition of heat (see example 
under Sec. 259). In such a case the specific heat is infinite for, no matter 
how much heat is added, the temperature does not rise. (See also Fig. 
262.) Furthermore, if a gas is compressed while no heat is added or 
abstracted from it, Fig. 263, then its temperature will rise. Thus, no heat 
is required to effect the temperature rise and the specific heat is zero. 
Furthermore, a gas may be heated and expanded at such rates (Fig. 264) 
that its temperature actually decreases. In such a case more work is 
done than the equivalent of the heat energy added to the gas; the specific 
heat is negative because the temperature decreases in spite of a heat 
addition. So it is evident that the specific heat of a gas may have any 
value whatsoever. 

268. The Energy Relations During Condition Changes Of 
Perfect Gases will now be considered. These energy rela- 
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tions are important principally in the study of gas C 3 "cles (Div. 
12) for, as will be shown, all gas cycles are made up of a number 
of condition changes. The condition changes which gases 
undergo in actual gas cycles are principally those during which 
the specific heat of the gas has a constant value. Although 
condition changes are frequently spoken of as expansions and 
compressions^ there is one form of condition change which is 
neither an expansion nor a compression — ^that is, the constant-- 
volume change. Hence, the terms expansion and contraction 
should only be used for such condition changes during wliich 
the volume of the gas is actually changed. 

Note. — Condition- Changes May Occur In Any Manner — in an 
infinite n-amber of ways. The condition changes of which gas cycles are 
considered as being ideally composed (Div. 12) are, however, such as 
occur when some property of the gas, such as its volume, pressure, tem- 
perature, or specific heat remains constant, or when no heat is trans- 
ferred to or from the gas. As will be shown, in all of these cases the 
specific heat may be considered as having some constant value during 
the change — different for each change. Hence, broadly, the changes 
here discussed are all constant-specific-heat changes. Furthermore, 
during the changes here treated all of the volume of the gas is to be con- 
sidered as being at the same pressure and temperature, as would occur 
when the gas is confined in a cylinder whose volume is varied by a mov- 
able piston. Changes which a gas undergoes when a portion of it exists 
at a higher pressure or temperature than some other portion, do not follow 
the laws here given. Such changes would occur when a gas is partly 
confined in one vessel at a high pressure and the remainder is in another 
vessel at a lower pressure, the two vessels being connected by a small 
opening through which the gas is flowing. In such a case there is always 
more or less throttling (note under Sec. 260) or internal friction in the gas 
— ^the following discussion does not apply to such frictional processes. 
Changes which occur in heat-engine cylinders are always practically 
“ frictionless that is, they occur with practically no internal friction. 

Note. — ^The Algebraic Signs Op Energy Quantities For Gases 
Will Be Determined Thus: (1) Heat (Q) is considered positive when 
it is added to a gas; negative when it is abstracted from the gas. (2) 
External work (Wjs') is considered positive when the gas expands ; negative 
when the gas is compressed — ^when external work is done on the gas. 
(3) Vibration work (Wv) is considered positive when the temperature of 
the gas is raised; negative when the temperature of the gas is lowered. 

269^ The Energy Relations During A Condition Change At 
Constant Volume — An Isometric Change — are quite simple. 
By the definition of specific heat at constant volume (Sec. 266) 
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the heat exchange to or from the gas is the product of the 
weight, temperature change, and specific heat at constant 
volume of the gas — see For. (175) below. Now, since during 
a constant“Volume change no external work is done’ (Fig. 258), 
all of the heat added to or abstracted from the gas is effective 
in changing the temperature of the gas — that is, in doing 
vibration work. The formulas for these relations are : 

(175) Q =WC^(T2-Ti) (B.t.u.) 

(176) Ws = 0 (external work) 

By multiplying For. (175) by ‘^778/’ which is the number of 
foot-pounds in 1 B.t.u., there results; 

(177) Wv = 778WC^(T2 - Ti) (foot-pounds) 

Wherein: Q = the heat added to the gas, in British thermal 
units. W == the weight of the gas, in pounds. == the 

specific heat of the gas at constant volume; see Table 251. 
T 2 and Ti = respectively, the final and initial temperatures 
of the gas in degrees Fahrenheit. Wu = the external work 
done by the gas. TFr “ the vibration work done by the gas, 
in foot-pounds. See notes under Sec. 268 concerning the 
algebraic signs of the energy quantities and also as to the 
manner in which the changes are assumed to occur. 

Note. — Practical Examples Op Isometric Changes may be 
stated thus: (1) The heating or cooling of a given weight of gas which is 
enclosed in a strong tanh or receiver. (2) The heating {explosion) of a gaseous 
mixture in an internal-combustion-engine (Otto-cycle, Div. 12) cylinder; 
this process actually differs slightly from a strict isometric change because 
it is accompanied by a change in chemical composition of the gas — but it 
is often considered as an isometric condition change, see example below. 
The volume of the gases in the cylinder remains practically constant 
during the very short time interval occupied by the explosion. 

Example. — Suppose that an internal-combustion-engine cylinder con- 
tains yi lb. of gas at 120° F. and that this gas is ignited by an electric 
spark. What will be the final temperature if 65.8 B.t.u. are liberated by 
the explosion and if Cy for the mixture remains approximately 0.175 
throughout the process? Solution. — By transposing For. (175), there 
results: Ta = (Q/WCp) A- Ti = [6^8 -f- (0.2 X 0.175)] + 120 - 

2,000° F. 

Example. — If 1 lb. of a- perfect gas is heated at constant volume 
through 1° F., Fig. 265, and if the specific heat of the gas at constant 
volume is 0.30, what quantity of heat is added, and what amounts of 
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external work and work in raising the temperature (vibration work) 


done? SoLTjTioK. — By For. (175), 
2 ^ 1 ) = 1 X 0.30 X 1 = 0.30 B.t.'u, 
Ws = 0. By For. (177), the 
vibration work = == 77SWCr(T'2 

- Ti) - 778 X 0.30 = 233.4 fL-lb. 

Example. — How much heat is 
added to 8 lb. of ox^^gen contained 
in a strong tank in raising its tem- 
perature from 70° F, to 500° F, (the 
volume of gas kept constant during 
the heating) ? How much external 
work is done and how much work 
in raising the temperature (vibra- 
tion work) ? Solution. — From 
Table 251, Cr for oxygen is 0.155. 
Hence, by For. (175), the heat 
added == Q = 'WCyC^T^ - TO = 8 
X 0.155(500 - 70) - 533.2 B.t.u. 
By For. (176), the external work 
= We = 0. By For. (177), the 
vibration work — IF-p- = 778 WCy- 
(F 2 - TO = 778 X 533.2 - 

414,829.6 /i.45. 


the heat added = Q = WCvCTs 
By For. (176), the external work 



Fig, 265. — Specific heat at constant 
volume is 0.30. What are the energy 
relations? 


270. The Energy Relations During A Condition Change At 
Constant Pressure — An Isobaric Change — are given by the 
following formulas which are derived as shown below : 


(178) 

Q = WC^(T2 

(B.t.u.) 

(179) 

Wm = P(V2 - 1 

(ft. -lb.) 

or 

(180) 

= 778W(C,> - TO 

(ft.-lb.) 

(181) 

= Wko(T^ - Tj) 

(ft -lb.) 

(182) 

Wv = 778WCv-(To - T{) 

(ft.-lb.) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W = the weight of the gas, in pounds. T^z and Ti 
== respectively, the final and initial temperatures of the gas, 
in degrees Fahrenheit. We ~ the external work done bj’' the 
gas, in foot-pounds. P = the pressure exerted by the gas 
during the change, in pounds per square foot absolute. T’’2 
and Fi = respectively, the final and initial volumes of 
the gas, in cubic feet. C^ and Cf ~ respectively, the specific 
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heats of the gas at constant pressure and at constant volume; 
for values see Table 251. ho ^ the gas constant (Sec. 247). 
Wy = the vibration work done on the gas, in foot-pounds. 
See the notes under Sec. 268 regarding the algebraic signs of 
the energy quantities and also as to the manner in which 
the changes are assumed to occur. 

Derivation. — By the definition of the specific heat at constant 
pressure (Sec. 267), the quantity of heat added to the gas is as shown by 
For. (178). Also, by Sec. 263, the work done during a constant-pressure 
expansion is equal to the pressure times the volume change — as shown 
by For. (179). Now, the vibration work done on a gas depends only on 
its weight and temperature change. Hence, for a given weight of any 
gas, when heated through a given temperature range, the vibration work 
will be the same regardless of how the pressure and volume vary. There- 
fore, the vibration work for all condition changes, is as given by For. (177) 
which is the same as For. (182). Since, for a perfect gas, the heat added 
is effective in doing only vibration and external work (Sec. 259), 

(183) 778Q ^ Wv -^We (ft.-lb.) 

or, transposing: 

(184) We = 778Q - Wv (ft.-lb.) 

Now, substituting in For. (184) from Fors. (178) and (182), there results 

(185) We = 77SWCp(T2 - Ti) - 778WCvCT2 - TO (ft.-lb.) 
which simplifies to the form of For. (180). 

By the general gas law, For. (145), PVi = W/coTi and PVz ~ ■W/C 0 T 2 . 
Also, For. (179), when expanded becomes: 

(185) We = PV2 - PVt (ft.-lb.) 

Now, substituting in For. (186), the values from For. (145), there results, 

(187) We = 'WkoT2 - WZccjTi (ft.-lb.) 

or, simplifying: 

(188) We Ti) (ft.-lb.) 

But, it is a fact that : 

(189) T 2 - Ti = T 2 - Ti (deg. fahr.) 

Hence, 

(190) We (ft.-lb.) 

which is the same as For. (181). 

Note. — Practical. Applications Op Isobaric Changes are: (1) The 
heating or cooling of a gas which is under constant pressure such as atmos- 
pheric pressure and which is not wholly confined — as, for example, the gas 
in a balloon, the combustion gases in a boiler furnace, or the air which 
cools an automobile radiator, (2) The expansion in an oil engine while 
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rictly a condition 
ige in the gases. 

Example. — H ow mnch heat is added to each 100 lb. hich passes 

through a boiler «• - ^ ^ 

500° E. ? SoLXji Hence, by 

For. (178), the heat added = Q . — Ti) = 100 X 0.241 X 

(500 — 70) = 10,350 

3. — How much heat must be added to 5 lb. of nitrogen to 
increase its volume from 45 — '** ’ 
of 25 lb. per sq. in. abs.? 
expanding gas and how m 

temperature? Solution. — For nitrogen, the value of ka is, 

251, 54.90. Also, Cp = 0.247 and Cy — 0.176. The initial temperature 
of the gas is, by For. (148), Ti = PYi/WIcg == (25 X 144) X 45 -f- 


(5 X 54.99) = 498° F. abs. oi 
(25 X 144) X 100 (5 X 54.9 

by , the heat 

38) d.u. By For. 

»(100 - 

2 Ti) * 778 X 5 X 0.176(849 
1 . — If 3 lb. of oxygen is ex- 
panded at constant pressure by increas- 
ing the temperature from 85° F. to 100° 

F. (Figs. 266 and 267), find how much 
heat is added, how much external work 


WV'tfwbfe PhfonHzoicf-i 


F, The final temperature ~ Ti — 
1,309° F. abs. or 849° F. Hence, 
■WCp(T2 - 2^i) == 5 X 0.247(849 - 
the external work = Wb ~ P (Vi — 
000 ft.-lb. By For. (182), Wy - 
38) = ft.-lb. 

tioyofJjfg Pisf’crtHecfcf-, 


I M 

^ ■ I 



CyMzr- ^ X. 

Thermometer 

Fig. 266. — Oxygen gas (3 lb. at 
85® F. ) ready to be expanded under 
constant pressure. 



Fig. 267. — Conditions after tbe 
expansion of 3 lb. of oxygen gas 
under constant pressure by heating 
from 85® F. to 100® F. 


is done, and how much (vibration) work is done in raising the tempera- 
ture. Solution. — From Table 251, the following values are found for 
oxygen: Cp = 0.217, Cy = 0.155. ko =48.25. Hence, by For. (178), 
the heat added = Q = WCp(!r 2 — Ti) = 3 X 0.217 X (100 — 85) = 
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Constotnf-Pressuni 
Li.m 


^ Ccntrocthn 

JT 
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9.765 Also, by For. (181), the external work ~ = 'WkoiT^ 

— 7"i) = 3 X 48.25 X (100 - 85) - 2,171.25 ft.-Pb. And, by For. 
(182), the vibration work = TFf = 77SWCviT2 ~~ T-i — 778 X 3 X 
0.155 X (100 ~ 85) = 5,426.55 /«.45. 

Example. — Assume that 10 cu. ft. of a certain gas at 32® F. exerts a 
pressure of 10 lb. per sq. ft. abs. (Fig. 268). Compare the external work 

done in expanding the gas at constant 
pressure to 15 cu. ft. with that done 
by compressing the gas at constant 
pressure to 5 cu. ft. . Solution. — In 
expanding the gas, by For. (179), the 
external work = We == P(y 2 — Vi) 

- 10(15 - 10) = 50 ft.-lb. In com- 
pressing the gas, the external work = 
We = P(V2 - Fi) = 10(5 - 10) - 

— 50 ft. -lb. The negative sign indi- 
cates that work is done on the gas. 
Thus, numerically the same amount 
of work is done in the two cases — as 
is shown by the equal areas A and B 
in Fig. 268. 



Vofumes in Cubic Feat 
246-F 49Z>E 738-F 

Absolute Temperatures 


Fig. 268. — Work diagram showing 
constant-pressure expansion and con- 
traction (10 cu. ft. of gas at 10 lb. per 
sq. ft. absolute, and 492® F. absolute => 
15 cu. ft. of gas at 10 lb. per sq. ft. 
absolute, and 738® P, absolute = 5 cu. 
ft. of gas at 10 lb. per sq. ft. absolute, 
and 246° F. absolute). 


271. The Energy Relations 
During A Condition Change At 
Constant Temperature — An 
Isothermal Change — may be 
found by the following formulas which are derived as shown 
below. The pressure-volume relations for an isothermal 
change are governed by Boyle’s law, For. (108) . 


(191) 


(ft.-lb.) 


(192) 

(193) 

(194) 

(195) 


Iog« 


TF — 

O = 

^ 778 

Wr — 0 


logs 


T/_ 


(ft.-lb.) 


(B.t.u.) 

(work) 


Wherein: Q — the heat added to the gas, in British thermal 
units. FiandFa = respectively, the initial and final pressures 
of the gas, in pounds per square foot absolute. Vi and = 
respectively, the initial and final volumes of the gas, in cubic 
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feet. W = the weight of the gas, in pounds, ko = the gas 
constant (Sec. 247), T = the temperature of the gas, in 
degrees Fahrenheit absolute. Wb = the external work done 
by the gas, in foot-pounds. Wv ~ the vibration work done on 


the gas. Loge = the natural 
logarithm of the number 
following the symbol. The 
natural logarithm of a number 
is approximately 2.303 times 
the common logarithm of the 
same number. See the notes 
under Sec. 268 regarding the 
algebraic signs of the energy 
quantities and also as to the 
manner in which the changes 
are assumed to occur. 



Fia. 269.- 


-Isothermal or constant-tempera- 
ture expansion graph . 


Debit AT ioN". — Since, during an 
isothermal change, the temperature 
remains constant, none of the heat 
added is effective in doing vibration work. This may also be shown by 
placing Ta = in For. (177) which, as has been stated, applies to any 
condition change. This relation is stated by For. (195). Now, For. 
(166) states that, for any heat transfer : 


(196) Q Qv d- Qp + Qjs (B.t.u.) 

Hence, since for a perfect gas Qp = 0 (as proved under Sec. 25S) and 
since for an isothermal change = 0, For. (196) becomes: 

(197) Q -= Qp (B.t.u.) 

and, since Qe = TP'^/778: 


(198) 



(B.t.u.) 


which is the same as For. (194). 

Now, the pressure-volume graph of an isothermal change is a curved 
line (Fig. 269). For a change from Pi, Vi to P 2 , F 2 , the area under the 
graph (the shaded area in Fig. 269) is found by the calculus to be 
expressed by the formula: 

(199) Area = PiFi log^ ^ (area units) 

If, now, the pressures are expressed in pounds per square foot and the 
volumes in cubic feet, the area will represent the work done, in foot- 
pounds, as expressed by For, (191). 

For. (192) results from For, (191) by substituting for F 2 /F 1 its equiva- 
lent from For. (108). For. (193) results from For. (191) by substituting 
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for PxVi its equivalent from For. (145). These substitutions may 
suggest to the reader still different ways of expressing For. (191). 

Note. — There Are No Practical Applications Oe Isothermal 
Gas Changes. — The nearest approach to such a change would probably 
occur in an air compressor. In this machine water, which is circulated 
through a jacket surrounding the cylinder, carries away a large part of 
the heat which is developed by the work done on the air in compressing it. 
Isothermal changes are of value, however, because they constitute the 
ideal compression for air and other gas compressors and hence afford a 
goal in compressor design. 

Example. — If a certain gas exerts a pressure of lOO lb. per sq. ft. abs. 
when confined in a volume of 5 cu. ft. and is expanded isothermally to a 
volume of 22 cu. ft., how much external work is done and how much heat 
must have been added during the process? Solution. — ^By For. (191), 
the external work — -We = PiVi loge('F’ 2 /y*i) — 100 X 5 X loge(22 -h 
5) ~ 500 X log« 4.4. From tables of logarithms, the common logarithm 
of 4,4 ~ log 4.4 = 0.643. Hence, loga 4.4 = 2.303 X 0.643 == 1.479. 
Hence, We — 500 X 1.479 = 739.5 By For. (194), the heat 

added == Q = We/77S = 739.5 778 = 0.95 BLu. 

Example. — How much external work is done when 6 lb. of hydrogen is 
compressed at the constant temperature of 70° F. from a volume of 
144 cu. ft. to a final volume of 12 cu. ft. ? How much heat must be 
abstracted? Solution. — By Table 251, for hydrogen, ha = 765.9. By 
For. (193), the external work — We = WTcg* log«CF' 2 /Fi) = 6 X 765.9 X 
loge(12 ^ 144) = 4,595.4 X loge(H 2 )* From a table of logarithms the 
common logarithm of ~ log (M 2 ) = ■— 1.079. Hence loge (M 2 ) = 
2.303 X ( — 1.079) == —2.482. Hence, We = 4,595.4 X (-2.482) =- 

— 11,406/^.46. Hence, 11,406 ft.-lb. of work must be done on the gas. 
By For. (194), the heat added = Q = ■pF£?/778 — —11,406 -J- 778 = 
— 14:66 B.t.u. Hence, 14.66 B.t.u. must be abstracted. 

272. The Energy Relations During A Condition Change 
Which Involves No Heat Transfer — Frictionless Adiabatic 
Change (which is the same as an isentropic change, Sec. 385), 
(Figs. 270 and 271) — may be found by the following formula^ 
which are derived below. The pressure- volume relations for 


and adiabatic change (Sec. 275) are based on 
relations. 

these energy 

(200) 

0 

O' 

(heat) 

(201) 

™ P^V^ - P 2 F 2 

k - 1 

(ft.-lb.) 

(202) 

We - Ta) 

(ft.-lb.) 

(203) 

Wv = -We 

(ft.-lb.) 

(204) 

Wv = 778WCr(T2 - 

(ft.-lb.) 
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Wherein: Q = the heat added during the change. We = the 
external work done by the gas, in foot-pounds. Pi and = 
respectively, the initial and final pressures exerted by the ga.s, 



Fig. 270. — Adiabatic gas expansion — Fig. 271. — Adiabatic gas compression 

when heat can neither enter nor leave — when heat can neither enter nor leave 
the gas through the confining surfaces. the gas, as heat, through the confining 

surfaces. 

in pounds per square foot absolute. Fi and Fs = respectively, 
the initial and final volumes of the gas, in cubic feet, k == the 
ratio {Cy/Cv) of the specific heats of the gas at constant pressure 
and constant volume; values of k are given in Table 251. Cf 
== the specific heat of the gas at constant volume; Table 251. 
Ti and T% = respectively, the initial and final temperatures 
of the gas, in degrees Fahrenheit. Wv = the vibration work 
done on the gas, in foot-pounds. See notes under Sec. 268 
concerning the algebraic signs of the energy quantities, and 
concerning frictional processes. 

Derivation. — By the definition of an adiabatic process, there is no 
heat transfer between the gas and any external body. This statement 
is stated algebraically by For. (200). Also, For. (204) has been shown 
(Sec. 270) to hold for any condition change. Now, substituting in For. 
(196), the values Q = 0, and Qn = 0, there results: 

(205) Qj® = -Q? 


(B.t.u.) 
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Hence, it follows that: 

(206) TF^ - -Wv (ft.-lb.) 

which is the same as For. (203). Substituting in For. (206) the value of 
Wy from For. (204), there results For. (202). 

By For. (145) transposed, 

PtFt 

(207) WTx - 
and 

( 208 ) WTa = 


Now, For. (202) may be written thus: 

(209) We = 778Ck(WTi - WTg) 

Which becomes, by substituting from Fors. (207) and (208): 

77SCv, 


( 210 ) 


TF. 


ho 


(PxFl - P2y2) 


Now, by comparing Fors. (180) and (181), it is evident that 

(211) ha - 778 (Cp - Cv) 

Hence, 

( 212 ) 

Or, by multiplying For. (212) by < 

778Cf ^ C 

ho Cp — Cv 

or, 

7 78Cf ^ 1 

ka Cp _ ^ 

Cf 

If the fraction ^ is denoted by k, then For. (214) becomes: 

/0-1CN 778Cf 1 

— fccT' = F - 1 

Substituting this in For, (210), there results: 

1 


(213) 


(214) 


(216) 




k - 1 

which is the same as For. (201). 


(PxFi - P^VD 


(ft.-lb.; 

(ft.-ib.: 


(ft.-lb.) 


Note:. — OccuriRENCEis Op Adiabatic Changes In Practice are, 
strictly speaking, never found. Quite close approaches to adiabatic 
processes are, however, found in: (1) Internal-comhustio7i engines. (2) Air 
and other gas compressors; the compressions in these machines are gen- 
erally more nearly adiabatic than they are isothermal, Sec. 271. (3) 

Compressed-air engines. Adiabatic expansions are the ideal expansions 
(see Div. 12) for heat engines. 
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Example. — How much work is done by carbon-monoxide gas in 
expanding adiabatically from a pressure of 100 lb. per sq. in. abs. and a 
volume of 5 cu. ft. to a pressure of 20 lb, per sq. in. abs, and a volume of 
15.6 cu. ft.? Solution*. — By Table 251, the value of ho for carbon 
monoxide is 1.41. Hence, by For. (201), the external work ^ We ^ 
{PiVi ~ P2F2)/k — 1 = [(144 X 100 X 5) — (144 X 20 X 15.6)] ^ 

(1.41 - 1) = (72,000 - 44,920) 0.41 = 65,270/?. -26. 

Example. — How much work is done in compressing 7 lb. of acetylene 
adiabatically from 70® F, to 300® F. ? Solution. ^ — By Table 251, the 
value of Cf for acetylene is 0.270. Hence, by For. (202), the external 
work = TF® == 77SWCv(Ti - Ts) = 778 X 7 X 0.270 X (70 - 300) - 
—374,530 ft.-lb. Or, 374,530 ft.-lb. must be expended in compressing 
the gas. 

273. The Energy Relations^ Accompaniring A Condition 
Change During Which The Specific Heat Has Any Constant 
Value — :A Pol 3 ?tropic Change — may be found by the following 
formulas which are derived below. The pressure-volume 
relations for a polytropic change (Sec. 275) are based on these 
relations. 

(217) Q = WC(T 2 - TO (B.t.u.) 


(218) 


Wm 


n — 1 


(ft.-lb.) 


(219) 

( 220 ) 
Where, 

( 221 ) 


We = 778W(C - Cf)(T2-Ti) (ft.4b.) 

,^Ti) (ft.-lb.) 


C - Cp 
C - Cp 


(a constant) 


(222) ^ ^ _ (specific heat) 

Wherein: Q = the heat added to the gas, in British thermal 
units. W == the weight of the gas, in pounds. C = the 
specific heat of the gas during the process. Ti and == 
respectively, the initial and final temperatures of the gas, in 
degrees Fahrenheit. Pi and P 2 == respectively, the initial 
and final pressures of the gas, in pounds per square foot abso- 
lute. Fi and V 2 = respectively, the initial and final volumes 
of the gas, in cubic feet. We = the external work done by the 
gas, in foot-pounds. Wv — the vibration work done on the 
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gas, in foot-pounds, n = Sb constant defined by For. (221). 
Cp and = respectively the specific heats of the gas at 
constant pressure and constant volume, k = the ratio 
Cp/Cf. See notes under Sec. 268 concerning the algebraic signs 
of the energy quantities and also as to the manner in which 
the changes are assumed to occur. 

Derivation, — ^The specific heat (C) is, by definition (Sec, 88), the 
number of British thermal units which must be added to 1 lb. of a sub- 
stance in order to raise its temperature through 1® F. Hence, to raise 
the temperature of W lb. of gas through (T 2 ~ F., there must be 

added W‘C(T 2 — Ti) B.t.u. as expressed by For. (217). Also, For, (220) 
expresses the quantity of vibration work done during anp condition 
change. By Sec. 259, the added heat is always effective only in doing 
vibration work and external work. Hence, 

(223) We = 778Q - Wv (ft.-lb.) 

Or, substituting from Fors. (217) and (220) and simplifying, there results: 

(224) We = 778W(C - Cv)(T2 - Ti) (ft.4b.) 

which is the same as For. 219. This For. (224) may also be written: 

(225) We = 77SW(Cf - C)(Ti - T 2 ) (ft.-lb.) 

or, 

(226) We ^ 778(Cv - C)('WTi - WT^) (ft.-lb.) 

But, substituting from Fors. (207) and (208), 


(227) 

/vcy 


Now, since k *= Cp Cf, For. 222 may be written: 

(228) 

^ n — 1 


Or, subtracting both sides from 

(229) Cf- C 


Cp — Cf 


(ft.-lb.) 


Also, by For. (211), 

(230) Tea = 778(Cp — Cf) 

Therefore, by substituting Fors. (229) and (230) into For. (227) there 
results: 

(231) Wb (ft.-lb.) 

which is the same as For. (218). 

Note. — Occurrences Of Poeytropic Changes In Practice are many- 
Ih practically all reciprocating machines, wherein gases are employed^ 
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the expansions and compressions of the gases are, for all practical 
purposes, polytropio. Actually, the specific heat probably varies some- 
what during all gas expansions and compressions but, because of the 
short time interval which is generally consumed in one of these processes, 
the variation in any ease is quite small. 

Example. — If 1.5 lb. of hydrogen is compressed polytropically from 
15 lb. per sq. in. abs. to 500 lb. per sq, in. abs. at which pressures its 
volumes are 200 cu. ft. and 10.76 cu. ft. respectively, how much heat is 
added, external work done, and vibration work? The value of n is 1.2. 
SoLUTio^sr. — For hydrogen, by Table 251, 2.44, ho = 765.9, and 

k = 1.40. By For. (222), fhe specific heat = C = [(n — k)/(n ~ 1)] X 
Ov =- [(1.2 ~ 1.40) (1.2 - 1)] X 2.44 - (-0.20 -4- 0.2) X 2.44 - 

— 2.44. Hence, by For. (218), the external work = = {PxVx — 

P2V2)/{n -- 1) =- [(15 X 144 X 200) — (500 X 144 X 10.76)] (1.2 — 

1) = (432,000 — 774,720) 0.2 = —1,713,600 /Z.46. By For. (148), 

Ti = PiVx/Who - (144 X 15 X 200) h- (1.5 X 765.9) - 376® F. ahs. 
Also, Ta = PiV 2 ./^kG .^ (144 X 500 X 10.76) ^ (1.5 X 765.9) =- 764.3® 
F. abs. Hence, by For. (217), the heat added = WC(T 2 — Ti) = 1.5 X 
(—2.44) X (764.3 — 376) —1,420.01 B.t.u. and, by For. (220), the 

vibration work ~ Wv — 778WCf(T 2 — Ti) — 778 X 1.5 X 2.44 X 
(764.3 — 376) = 1,105,676 

Example. — If, in an air engine, 7 Ib. of air expand in such a manner 
that n = 1.1 and the temperature is reduced from 100® F. to 40® F., how 
much heat is added or abstracted, how much external work is done, and 
how much (vibration) work in reducing the temperature? Solution. — 
From Table 251, for air, Cp — 0.241, Cf — 0.171, and k = 1.40. 
Hence, by For. (222), the specific heat = C = [(n — k)/(u — 1)] Cf — 
[(1.1 - 1.40) (1.1 - 1)] X 0.171 = —0.533. Therefore, by For. 

(217) the heat added = Q ^ WCiT^ — Fi) = 7 X ( — 0.533) X (40 — 
100) = 223.9 B.Lu. Hence, 223.9 B.t.u. must be added. By For. (219), 
the external work = Wjs = 778W(C — Cv)(Tii — Ti) = 778 X 7 X 
(-0.533 — 0.171) X (40 — 100) = 230,000 ft.-lb. By For. (220), the 
vibration work = Wv = 778 WCf(F 2 — TO = 778 X 7 X 0.171 X (40 - 
100) - -55,900/^.46. 

274. A Table Of Values Of The Polytropic Exponent n 
For Actual Machines is given below. — Since, by For. (221), n 
varies with the specific heat of the gas during a process, and 
since (Sec, 265) the specific heat may have any value whatso- 
ever, it follows that n may also have any value whatsoever. In 
actual machines, however, the values of n generally have some 
value intermediate between 1 and k — ^that is, the expansion or 
compression is intermediate between isothermal and adiabatic 
depending on the design and operation of the machine. The 
following values have been determined by experiment: 
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Type of machine Value of n 


Authority 


Air compressor — cooling by in- ; 

jection of water j 1 . 26-1 . 30 

Air compressor — cooling by water seldom be- | 

jacket I low 1.30 

Hydraulic piston air compressors . 1 . 23-1 . 2S 

Gas engines expansion, large 

engines 

Gas engines expansion, small 

engines : 

Gas engines expansion, occasion- 
ally as high as I 1.55 


1.25 


1.38 


Ennis — “ Applied Thermodynamics” 

Ennis — “ Applied Thermodynamics” 
Ennis — ■” Applied Thermodynamics” 

Ennis — -“Applied Thermodynamics” 

Ennis — “ Applied Thermodynamics ” 

Ennis — “ Applied Thermodynamics” 


Air compressors, water jacketed. 
Air engines 


1.25—1.35 Shealy — “Heat” 
1.3—1.35 Shealy — “Heat” 


Air compressors, average value... 1.3 
Gas engines, compression stroke.. 1.25—1.3.': 
Gas engines, expansion stroke 

(generally) 1 . 30-1 . 50 j 

Gas engines, expansion stroke 

sometimes ’ 1.70 


.Marks — “Mechanical Engineers’ H. B.” 
Marks — “Mechanical Engineers’ H. B.” 

Marks — “Mechanical Engineers’ H. B.’ 

Marks — “Mechanical Engineers’ H. B.” 


275. The Pressure -volume -temperature Relations For A 
Perfect Gas During Adiabatic Or Pol 5 rtropic Processes may be 

found by the following formulas together with those of Sec. 
249. As the derivation of the following formulas involves the 
calculus, the derivations will not be here given. See notes 
under Secs. 272 and 273 for occurrences of adiabatic and 
polytropic expansions in practice. The formulas are : 


(232) 

= K 

(233) 

2 

(234) 


(235) 

Fa = 

(236) 

n 

-‘(ft) 

(237) 

■Vf. 


(constant) 
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( 238 ) Pi = 1 


( 239 ) 

Wherein: P and V == respectively, the absolute pressure and 
volume of the gas at any point along the path, in any units. 
jK; = a constant, n = the polytropic exponent which is 
defined by For. (221); for adiabatic processes n = k == Cp 
/Cf. Pi andP 2 = respectively, the absolute pressure at a first 
and second instant during the condition change, in any units. 
Vi and F 2 = respectively, the volumes of the gas at the same 
first and second instants during the condition change, in any 
units. Ti and T 2 == respectively, the absolute temperatures 
of the gas at the same first and second instants during the 
condition change, in any units. 

Note. — The Application Op The Above Formulas Generally 
Involves The Use Op Logarithms. — -Although Fors. (234) to (239) can 
frequently be solved readily by using special slide-rules, the use of log- 
arithms is more common and will be used in the following examples. 
The problems should serve to explain the method of solving problems 
involving fractional exponents. 

Example. — Find the final pressure when air in an air engine is ex- 
panded adiabatically from a volume 1 cu, ft. at 115 lb. per sq. in. abs. to a 
final volume of 6 cu. ft. Solution. — From Table 251, k for air = 1.40. 
Hence, by For. (234), the final pressure = P 2 ~ F 1 CK 1 /F 2 )™ = 115 X 
(1 6)i-^o = 115 X (0.166,7)^-40. To find the value of (0.166, 7)i-«, 

first find the logarithm of 0.166,7. From a table of logarithms, log 
0.166,7 = 9.221,9 — 10 = —0.778,1. Now multiply this value by the 
exponent, thus: 1.40 X —0.778,1 — — - 1.089,3. Now, find the number 
of which this is the logarithm, thus: log~^ — 1.089,3 ~ log“^ 8.910,7 — 10 = 
0.081,42. Hence, (0. 166,7)i-4o = 0.081,42 and P 2 = 115 X 0.081,42 - 
9-36 Ih. per sq. in. abs. 

Example. — In a gas engine, what will be the volume at 15 lb. per sq. 
in. abs. of a given quantity of gas after polytropic expansion (n = 1.25) 
from a volume of 2 cu. ft. at a pressure of 135 lb. per sq. in. abs. ? Solu- 
tion.— By For. (2S 5), the fifi a I volume. — V 2 = Fi(Pi/P 2 )« = 2 X n35 

= 2 X Now, log9 =0.954,2. And, 0.8 X 0.954,2 =0.763,36 

= log 6.072. Hence, V 2 = 2 X 6.072 = 12.144 cu. ft. 
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Example, — the initial temperature of the gas of the preceding example 
is 1,150° F., what will be its final temperature? Solution. — By 

n — 1 

For. (236), the^7^aZ^empeml^ure ~ T 2 ~ Ti(P 2 /Fi) "" ” (460 + 1,150) X 

0.20 

(15 Hr 135) - 1,640 X H- Now, log == 9.045,8 ~ 10 - 

—0.954,2. And, 0.2 X -0.954,2 - 0.190,84 « 9.809,16 - 10 -= log 
0.644,4. Hence, T 2 = 1,640 X 0.644,4 = 1,056° F. ahs., or 596° F. 

276. Dalton^s Law Of Gases (see discussion of this same 
subject in Sec. 306) states that each separate gas, in a mixture 
of gases, responds to changes of pressure, volume, and temperature 
exactly as though it were entirely isolated from the other gases. 
Therefore, if all of the gases in a gaseous mixture are such 
(which means not near their saturation temperature) that 
they obey, approximately, the laws of perfect gases (Sec. 226), 
then the mixture, as a whole, will follow, approximately, the 
laws of perfect gases. 

Note, — If the pressure exerted by a gaseous mixture be more definitely 
analyzed, it will be found that each of the constituent gases therein has 
the same pressure that it would have if it existed alone. Therefore, the 
pressure of the mixture is the sum of the pressures of its constituent gases. 
This principle, which is sometimes called the law of partial pressures, is 
embodied in Dalton* s law. 



Fia. 272. — Illustrating Dalton’s law. 

Example. — If (Fig. 272) 1 cu. ft. of oxygen and 1 cu. ft. of nitrogen, 
at atmospheric pressure, were placed together in a vessel of 1 cu. ft. 
capacity, then the pressure of the mixture would, since atmospheric pres- 
sure — 14.7 Ih. per sq. in., be 14.7 X 2 — 29.4 Ih. per sq. in. 
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QTJESTIOKS ON DIVISION 8 


1. What is the practical importance of the heat phenomena of gases? 

2. Define a gas. What is the distinction between a gas and a vapor? 

3. What is a perfect gas? Has any perfect gas been found? Name some gases which 
behave nearly like a perfect gas. 

4. "W^hat is meant by the condition^ of a g&37 Hy what is it determined? What is a 
condition changef 

6. What is meant by saying that a certain property of a gas is maintained constant, 
when working with the gas laws? 

€. State Boyle’s law. How was it discovered? For what kind of fib«.nges does it 
hold? 

7. To what kind of problems may Boyle’s law be applied? 

8. Write Boyle’s law as a formula expressing it in at least three different ways. 
What precautions must be taken with regard to the units? 

9. If a given weight of a certain gas undergoes condition changes at constant tempera- 
tune, what relation always holds between its pressure and volume? 

10. For constant-volume changes, how does the pressure of a gas at any temperature 
compare with its pressure at F.? State this as a formula. 

11. For constant-pressure changes, how does the volume at any temperature compare 
with its volume at 32° F.? Does it matter what the pressure is diiring such a change? 
State the relationship as a formula. 

12- According to the formulas for constant-volume and constant-pressure changes, 
what would be the pressure and volume of a perfect gas at — 460° F.? What is this 
temperature called? State the conversion formulas for temperatures. 

IS- Give the verbal statement of Charles* law. For what kind of condition changes 
does it hold? Interpret the law. 

14. To what kind of problems may Charles* law be applied? Does a heat exchange 
always accompany such changes? 

15. Write Charles’ law as a formula and express the formula in three different ways. 
What precautions must be taken as to the units in these formulas. Show that these 
formulas are the same as those given in answer to Question 10. 

16. Give the verbal statement of Gay-Lussac’s law. For what kind of condition 
changes does it hold? Cite simple examples to interpret the law. 

17. To what kind of problems may Gay-Lussac’s law be applied? Does a heat 
exchange always accompany such changes? 

18. Write three expressions (as formulas) for Gay-Lussac’s law. State the precautions 
which must be observed with regard to the units in which the quantities are measiured. 

19. Show how two of the three fundamental gas laws may be used to solve problems 
involving the simultaneous change of the volume, pressure, and temperature of a gas. 
For a given example how are the two laws selected? 

20. State the formulas for the combined gas law. Show their derivation. 

21. What is the constant relationship between the pressure, volume, and tempera- 
ture of a given weight of a perfect gas as the gas undergoes condition changes? Express 
it by a formula. 

22. In what units may the values of the gas properties (pressure, volume, and tempera- 
ture) be expressed when they are used with the values of the gas constant as tabulated 
in this division? How are the gas-constant values determined? 

23. Give a verbal statement of the general gas law. Why is it considered important? 
What is it based on? 

24. Write the general-gas-law formula and the formulas w'hich result from it- Show 
the derivation of the formula. 

25. What two types of problems are, in general, solvable by the general gas law? 

26. What is the engineering definition of density? What unit is widely used for 
measuring densities? State the formulas which show the interrelations between volume, 
weight, and density. 

2 7. Is the density of gases a constant or variable quantity? Explain fully. 
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28. Write the equations which show the relation between the density of a gas and 
other properties of the gas. 

29. Explain, fully how air drafts may be caused by differences in density. 

30. Wherein do the heat effects on gases differ from those on solids and liquids? 
Explain fully. 

31- How much disgregation work is done when a perfect gas is heated? How was 
this determined? Make a sketch and explain the experiment. 

32. What two effects may be produced when heat is added to a gas? Explain experi- 
ments, using sketches, to prove that these two effects are produced. 

33- Explain fully how it is that a gas does external work when it expands. Draw a 
sketch to show how a gas does external work. 

34. What is a throttling exvansion? Explain what happens in such an expansion. 

36. Explain fully, using sketches, how an area may be used to represent the work done 
by a constant force- A variable force. Hoes each area unit necessarily represent one 
force unit? Why? 

36. What is the significance of the area under a pressure- volume graph? Explain 
fully, using sketches. 

37. What is meant by effective work? Total work? What is the difference between 
these two called? 

38. Is the specific heat of a gas a fairly well defined quantity like that of a solid or 
liquid? Why? Explain. 

30. Explain the significance of the specific heat of a gas at constant volume. Draw 
a sketch to illustrate, 

40. Is the specific heat of a gas at constant pressure greater or less than that at con- 
stant volume? Why? Hoes its value depend upon the pressure? How would you 
prove this? 

41. May a gas have other specific heats than those just referred to? When? 

42. Explain the significance of an infinite specific heat. A specific heat of zero. 
A negative specific heat. 

43. Of what importance are the energy relations which accompany condition changes 
of gases? Why should condition changes not be spoken of as expansions and 
compressions ? 

44. How many different kinds of condition changes are there for gases? Of what 
definite kind are gas cycles composed? 

45. Do the laws and formulas, of this division apply to expansions through orifices 
or nozzles? Why? 

46. State the energy relations for a constant-volume change. How much external 
work is done? What becomes of the added heat? 

47. Write the energy-relation formulas for a constant-pressure change. Why must 
more heat be added for a given weight of gas and a given temperature increase than for 
a constant-volume change? Derive the formulas. 

48. Write the energy relations for a constant-temperature change. What is such a 
change called? How are these relations derived? 

49. What name is given to a condition change which involves no heat transfer? 
Is any external work done during such a change? Draw a sketch to show an ideal appa- 
ratus with which such a change might be effected. 

50. Write and derive the energy relations for an adiabatic change. 

61. What property of a gas remains constant during a poly tropic change? 

62. Write and derive the energy relations for a polytropic change. 

53. State the pressure-volume relations for a perfect gas undergoing a polytropic 
change and explain the meanings of the symbols in the formula. 

64. Explain the use of logarithms for solving equations involving fractional exponents. 

PROBLEMS OH DIVISION 8 

1 . At 32° P. and atmospheric pressure (14.7 lb per sq. in. abs.) 1 lb. of air occupies 
12.39 ou. ft. At the same temperature what pressure will it exert when confined in 2 
on. ft.? 
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2. Three cut>io feet of air at atuiosplieric pressure are to be compressedl at const aut 
temperature to 100 lb. per sq. in. gage. What volume will the air then occupy? 

3. If a given weight of gas at 32® F. exerts a pressure of 60 lb. per sq. in. abs., what 
pressure will it exert at 100° F. when in the same volume? Solve by For. (115). 

4. Using For- (117) and the data of Prob. 1, find the volume of 1 lb. of air at atmos- 
pheric pressure and 70° P. 

6. Using For. (121) and the data of Prob. 1 find the pressure exerted by 1 lb. of air 
when confined in 12.39 cu. ft. at 300 ° F. 

6. A. tank holds a certain volume of gas at 70° F. and 60 lb. per sq. in. gage pressure. 
To what temperature must the gas be heated so that the pressure shall be 100 lb. per 
sq. in. gage? 

7. A given weight of gas at atmospheric pressure and 40° F. occupies 3 cu. ft. What 
volume will the same gas occupy at atmospheric pressure and 1,800° F.? 

8. At what temperature will 1 lb. of air at atmospheric pressure occupy 15 cu. ft.? 
(Use data of Prob. 1.) 

9. A certain gas occupies 10 cu. ft. when at 50° F. and under a pressure of 1 atmos- 
phere. By using two of the fundamental-law formulas, find the volume of the same gas 
at 80° F. and a pressure of 2.5 atmospheres. 

10. Find the pressure exerted by the gas by Prob. 9 when the volume is S cu. ft. and 
the temperature is 100° P. (Use two steps.) 

11. What temperature would the gas of Prob. 9 have when its volume is 5 cu. ft. and 
its pressure is 30 lb. per sq. in. abs.? (Solve in two steps.) 

12. Solve Prob. 9 in one step. 

13. A quantity of gas at 60° F, and atmospheric pressure has a volume of 7 cu. ft. 
What pressure will the same gas exert when at 200° F. and in a volume of 6 cu. ft.? 
(Solve in one step.) 

14- At what temperature will the pressure and volume of the gas of Prob. 13 be 30 
lb. per sq. in abs. and 5 cu. ft. respectively? 

15. A receiver of 15-cu. ft. capacity contains 9 lb. of acetylene. At what tempera- 
ture will the pressure in the tank become 200 lb. per sq- in. gage? 

16- What must be the capacity of a receiver to hold 50 lb. of air at a pressure 
of 250 lb- per sq. in. gage and at a temperature of 210° F. ? 

17- When 9 lb. of a certain gas occupy 5 cu. ft., the pressure and temperature are, 
respectively, 175 lb, per sq. in. gage and 290° F. Which is the value of the gas constant? 

18. A tank of 10-cu. ft. capacity contains air at atmospheric pressure and 70° F. 
Air is forced into this tank until the pressure rises to 200 lb. per sq. in. gage, and the 
temperature to 75° F, What weight of air has been forced into the tank? 

19. If 30.6 lb- of oxygen is confined in a 3-cu. ft. container, what is the density of the 
gas? 

20- If, under certain conditions, the density of air is 0.08 lb. per cu. ft., how much will 
88 CU- ft, of the air weigh? 

21. What is the density of nitrogen at 100 lb. per sq. in. gage and 80° F. ? 

22- From the result of Prob. 21 find the density of nitrogen at 80° F. and atmospheric 
pressure. 

23. From the result of Prob. 21 find the density of nitrogen at 1800 lb. per sq. in, 
gage and 200° F. 

24. How many foot-pounds are represented by the shaded area of Fig. 273? 

25. A tank held 40 cu. ft. of air at 200 lb. per sq. in. gage. This air is cooled in the 
tank to 70° F. and its pressure is now 150 Ib. per sq. in. gage- How much heat has been 
extracted and how much vibration work is done on the air? 

26. If 6 lb. of air are heated at constant pressure from 60° F. to 150° F., how much heat 
is added, and how much external and vibration work is done? 

27. A compressor delivers 100 cu. ft. of air per min. at a pressure of 100 lb. per sq. in. 
gage and at 130° F. If this air is cooled, at constant pressure, so that only 90 cu. ft. 
are delivered at another point, how much heat is abstracted each minute? How much 
external and vibration work is done during the cooling? 

28. It is desired to compress 3 cu. ft. of air at atmospheric pressure to 100 lb. per sq. 
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IB. gage. How much heat must be withdiawa to accomplish this without changing the 
temperature and where does this heat come from? 

29, Compute the work done by 1 lb, of air in expanding from 175 lb. per sq. in. gage 
to 15 lb. per sq. in gage at a constant temperature of 100® F. 



30. During an adiabatic process the temperature of 20 lb. of air changed from 80® 
to 150® F. How much external work was done on the gas? 

31. One pound of air expands adiabatically from 300 lb. per sq. in. abs. and 200® F. 
to 15 lb. per sq. in, abs. What are its initial volume, final volume, and final 
temperature? 

32. In Frob. 31, how much external work is done by the expanding air and how much 
vibration work? 

33. In an air compressor, 10 cu. ft. of air at 100® P. and under a pressure of 14 lb. 
per sq. in. abs. are compressed adiabatically. The final pressure is 60 lb. per sq. in. 
abs. Compute the volume and temperature of this air after compression. 

34. If, during a polytropic process for which n « 1.2, the temperature of 20 lb. of 
air changed from 80® to 150® F., how much external work was done by the gas? How 
much heat had to be added? 

36, During the compression of an ideal gas 40,000 ft.-lb. of work are expended and 
8 B.t.u. are taken from the gas by conduction. How much vibration work is done on 
the gas? 

36. During a compression following the law Ppi-* = a constant, the temperature of 
the air rises from 80® to 200® F. How much heat has been transferred to the cylinder 
walls per pound of air? 

37. If 1 lb. of nitrogen expands poly tropically {n « 1.35) from 100 lb. per sq. in. 
gage and 120° F. to atmospheric pressure, what will be the final volume and temperature? 

38. Compute the heat added, external work, and vibration work in Frob. 37. 

39. If oxygen were expanded adiabatically from an initial condition of 1,800 lb. per 
sq. in. abs., 2 cu. ft., and 90® F. until its temperature reached —280° F., what would be 
its final pressure and volume? 




DIVISION 


MELTING AND FREEZING OF SUBSTANCES 

277. Melting Or Fusion is tke process by which, a sub- 
stance is changed (Sec. 103) from the solid to the liquid state 
by added heat. 

Note. — ^The Tempeeattob At Which A Substance Melts Or 
Fuses is called its temperature of fusion, or simply its melting point, 
see Table 285 for values. 

Note. — Before Proceeding The Reader Should Review carefully 
the material in Div. 4, starting with Sec. 96, which discusses the three 
ways in which heat which is added to a substance may be expended, and 
the three different kinds of work which heat added to or abstracted from 
a substance may do. 

278. Solidifying Or Freezing is the process by which a 
substance changes (Sec. 161) from the liquid to the sohd state; 
freezing is always accompanied or occasioned by the abstrac- 
tion of heat from the substance. 

Note. — The Temperature At Which A Substance Solidifies or 
freezes is called its temperature of solidification, or simply its freezing 
point. The usual freezing point (temperature) for any substance is the 
same as the melting point (Sec. 277) of that substance. 

279. All Crystalline Substances Have Definite Tempera- 
tures Of Fusion And Solidification. — That is, every substance, 
as mercury, ice, sulphur, silver, in which the molecules are 
grouped in the form of crystals of a definite uniform structure, 
has a certain fixed, characteristic temperature, corresponding 
to a given pressure, at which both melting and solidification 
occur. 

Note. — When A Crystalline Substance Under A Constant 
Pressure Undergoes Either Melting Or Solidifying, its tempera- 
ture remains constant from the instant that melting or solidifying begins 
until the process is completed, as discussed more fuUy in following 
Sec. 289. 
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280. All Non-crystalline Or Amorplious Substances Have 
Indefinite Temperatures Of Fusion And Solidification, — That 
is, every substance, as glass, wax, resin, glue, in which the mole- 
cules are arranged in an indeterminate, irregular and non- 
uniform formation, have no definitely fixed temperature at 
which both melting and solidification occur. 

Note. — Non-crystalline Substances Assume All Degrees Oe 
Viscosity (Sec. 166) both in melting and in solidifying. If a glass rod 
is heated in the flame of a blow-torch, it will become soft and may be 
easily bent. If the heating is continued, the glass will become more and 
more plastic. Finally, it will begin to melt. But if the heat is still 
applied, after melting begins, the temperature of the glass will continue 
to rise. That is, no point is reached, as heat is applied, at which the 
temperature remains constant for an interval. 

281. The Melting And Solidifying Temperatures Of Dis- 
solved Or Alloyed Substances are, generally lower than the 

melting and solidifying temperatures of 
the simple substances which compose 
the solutions or alloys. This principle 
is of great practical importance in many 
ways. It provides a ready means (Fig. 
274) for producing ice artificially. Also 
(Fig. 275) it, by virtue of the low melt- 
ing temperatures of certain alloys, is the 
basic principle of many fire-extinguish- 
ing devices. By varying the proportions 
(Fig. 276) of the metals used in an alloy, 
the melting point of the alloy can, 
within a certain range, be made any 
desired temperature. 

Example. — When salt is dissolved in water 
(Fig. 274) the freezing temperature of the 
brine thus formed may be many degrees lower than the freezing tem- 
perature of pure water. Hence, the pure water in the can A (Fig. 274) 
will be frozen into a solid cake of ice, as B, when the can is immersed in 
the low-temperature brine for a sufficient length of time. 

Example. — A certain alloy, called Larcefs Metal, is composed of 2 
parts bismuth, 1 part lead and 1 part tin. The melting temperature of 
this alloy is 203® F., which is (Table 286) many degrees lower than the 
melting temperature of either of the component metals. 

Example. — An alloy of tin, lead, and bismuth has been used (Fig. 277) 
for making the fusible elements of safety plugs for steam boilers. The 


fWoooten Cover 
Pure Water-r''^ rice Cotke 





Brine Tank 


Pig. 2 7 4. — Illustrating 
use of salt brine in artificial 
ice-making. The salt brine 
can be cooled far below 32° 
F. — the freezing point of 
water — before it begins to 
freeze. 
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alloy in. tlx© cap, F (Fig, 277), absorbs beat fromtbe fxirnac© gases. But 
normally the conductioii of this beat to tbe 'water in tbe boiler proceeds 
at a sufficiently rapid rate to prevent the temperature of the alloy from 
reaching the melting point. 




Fia. 276. — Curves showing variations of melting temperatures of alloys corresponding 
to variations in the proportions of the metal constituents of the alloys. 

However, if the water level falls low enough to expose the cap F 
directly to the steam in the boiler, then, the steam not being able to 
conduct away the heat as rapidly as the heat is absorbed by the cap, the 
temperature of F quickly rises to the melting point of the alloy. Then 
the cap F melts and is blown out. The blowing out of the plug liberates 
the steam in the boiler and prevents a possible explosion. 

17 
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282. The Use Of Metal Alloys In The Liberating Uevices 
Of Sprinkler Or Fire Protection Systems (Fig. 275) permits 
the sprinklers to be adjusted for operation (Fig. 278) at 



Fig. 277. — Fusible safety-plug for steam, 
boilers. 


exactly the highest tempera- 
ture that can be allowed, with 
safety, in the building which 
the apparatus is designed to 
protect. 



Fig. 278 . — Grinnel sprinkler- 
head in action. 


Explajjtatiok. — T he key, H (Fig. 275), is soldered to the main strut- 
piece, F, by an alloy, E, wliich fuses at the desired temperature. If the 
normal temperature of the room in which the sprinkler is installed is 100° 
F. or less, the fusing temperature of the solder, is usually fixed at 155° 
F. If the normal room-temperature is to be between 100° and 150° F., 
then an alloy with a fusing temperature of 212° F. may be used. Should 
the air in the room become heated to the fusing temperature of the alloy, 
the soldered joint, will be melted out. The key, H, and hook, 
will thus become disjointed. The glass valve, E, being released from the 
restraint of the strut-piece, F, will then be blown out by the pressure 
of the water beneath. The issuing water (Fig. 278) will be broken into 
spray by the deflector, and will, presumably, extinguish the fire- 

283. The Utility Of Fusion Pyrometers For Measuring 
High Temperatures (Fig. 279) depends upon the facility with 
which the melting temperatures of alloys or compositions of 
substances can be adjusted to desired degrees of heat intensity. 
Such pyrometers are commonly used for determining the 
temperatures of pottery furnaces. They consist of a gradu- 
ated series of two or more clay pyramids, or Seger cones. The 
pyramids are about 2.5 in. high. They are composed of 
several different varieties of clay, which are mixed in such 
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proportions as to give a different melting point to each 
pyramid in the series. The difference between consecutive 
melting points is about 35’=’ F. A range of temperature from 
about 000 to 3.400 F, may thus be covered. The cones are 



Fia. 279. — A fusion pyrometer — melting temperatures in degrees Fahreniieit are as 
follows: A =« 2,000. B = 2,035. C =* 2,070, D « 2,105. E = 2,140. 


stamped with numbers. A definite melting temperature 
corresponds to each number in the series. 

Explanation. — W hen a series of Seger cones, or clay pyramids, is 
placed in a furnace which is being fired up for service, the cone or pyra- 
mid which has the lowest melting point will be the first to lose its upright 
form. The temperature corresponding to the series-number on a cone or 
P3n:amid is reached when the tip of the cone or pyramid has bent over 
B (Fig. 279) so that it just touches the tile surface on which the cone or 
pyramid stands. „ 

Note. — Fusion Pyrometers Give Only Approximate Tempera- 
ture Measurements — but these are sufificiently accurate for the pur- 
poses for which the cones are properly employed. 

284. Temperature Pendants (Fig. 280), for giving approxi- 
mate indications of flue-gas temperatures in boiler plants, are 
made by adjusting the proportions of the alloy of which the 
pendants are cast to give a graded series 
of melting points. The utility of these 
devices as they are ordinarily furnished 
is limited to a range of temperature be- 
tween 425*^ and 550*^ F. There is a 75*^ 
difference between the fusing points of 
the three pendants. They are usually 
applied by suspending the three pen- 
dants in the path of the gases. 

Example. — Suppose the pendants A, By G 
(Fig. 280) to be suspended in a boiler breeching. 

If pendant A melts while the others remain intact, then the temperature 
lies between 425 and 500° F. If pendants A and B both melt while 



Fiq. 2S0. — Green’s tem- 
perature pendants — melt- 
ing temperature stamped 
on eaco pendant. 
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pendant C remains intact, then the temperature lies between 600 and 
560° F. 

285. Table Showing The Melting And Freezing Points 
(Temperatures) Of Various Substances under atmospheric 
pressure. Values are from the following authorities: 
S = Smithsonian Tabl.es. M = Makks^ Mechanical 
Engineers^ Handbook. 



Melting 



Melting 



and 

Author- 

ity 


and 


Substance 

freezing 

point. 

Substance 

freezing 

point. 

Author- 

ity 


deg. 



deg. 



Fahr. 



Fahr. 



Alcohol 

— 143 


Lead .. 

621 


Aluminum 

1,218 


Magnesium 

1,204 


Antimony 

1,166 


Magnesium chloride . , 

1,306 


Barium 

1,562 


Magnesium sulphate.. 

302 


Bismuth 

520 


Mercury 

-38 


Borax 

1,366 


Nickel 

2,646 


Calcium 

1,490 


Oxygen 

—360 


Calcium chloride 

1,404 


Platinum 

3,191 


Carbon^ — above 

6,300 


Silver 

1,761 


Carbon dioxide ^ 

—70.6 


Sodium 

208 






224 


Carbon disulphide... . 

— 166 


Sulphur 2. 

235 






247 


Copper 

1,981 

S 

Tantalum . . 

5 , 252 


Glycerine. . . 

4 

M 

Tin 

449 


Gold 

1,945 

S 

Tungsten . , . 

6, 152 

S 

Hydrogen., . 

— 434 

S 

Turpentine. 

14 

M 

Iodine 

236 

S 

Ice (water). 

32 


Iron (pure) . 

2,786 

S 

Zinc 

787 



1 Sublimes (Sec. 163). 

® Sulphur occurs in three solid forms having the values as shown. 

286. Many Substances May Be Changed From The Solid 
To The Liquid State By Solution. — That is, by mixing them 
with other substances which are already in the liquid state, 
as when salt or sugar is dissolved (Sec. 170) in water, or when 
shellac is dissolved in alcohol. In the dissolution of a solid 
substance by this process, energy is expended in causing the 
molecules of the solute, or solid substance, to separate from one 
another and Intermingle intimately with the molecules of the 
solvent, or liquid substance. When some solutes are dissolved, 
even their molecules (or some of them) are broken up into ions. 
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287. Tlie Heat In The Substances, Or In Surrounding 
Substances, Supplies This Energy. — portion of the -vibration 
or sensible heat (Sec. 54) of the mixture is (by doing disgrega- 
tion work) transformed intcy potential energy due to the mutual 
rearrangement of the molecules. Therefore, in all mechanical 
solutions — ^that is, solutions which occur without violent chemi- 
cal reactions between the solute and the solvent — heat energy 
must be absorbed while the process of dissolution is proceeding. 
The production oi freezing mixtures depends upon this principle. 
Such mixtures may be made by mixing certain solid substances, 
as sodium chloride (common salt) or calcium chloride, with 
snow or broken ice. 


ExpiiANATioN. — If a quantity of snow or broken ice is placed in a vessel 
(Fig. 281) and is mixed therein with common salt, the snow or ice will 
melt quickly. The disgregation heat which the snow or ice must absorb 

(Sec. 98), in order that melting may occur, 
is given up by the surrounding objects. If 
more salt is present than can go into a 


ihulot Htxfum-, - ‘Hi. 
'Hhk}ifYi<xrzs 0- \Cc 
.cfkwrt 32 Deg.Fcihry^* 


Si 


■m 
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‘irelF:’ 

Turs. c~5r;.'sr. 7ci 


Fig. 281. — Illustrating applica- 
tion of freezing mixture. 
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Fig. 282. — The freezing temperature of brine 
varies with the percentage of dissolved salt. 


saturated solution of salt and water, the temperature of the salt-ice 
mixture will tend to become that at which a saturated solution of^salt 
freezes ( — 6° F.). The temperature will attain this value if heat does 
not reach the ice water faster than the ice can melt. If less salt is 
present than that which is necessary to produce the saturated solution, 
the temperature of the brine-ice mixture will be higher than —6° F. 
In all cases, the temperature (Fig. 282) will depend mainly upon the 
quantity of the dissolved salt. The greater the proportion of salt to 
water in the brine, the lower the melting temperature of the ice in the 
brine. If a vessel (Fig. 281) containing a liquid that freezes at about 
the freezing point of water be submerged in the freezing mixture, the 
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liquid will be quickly frozen. TMs is tlie operating principle of the 
ordinary household ice-cream freezer. 

Note. — I’bbezing Mixtxtke is one which may be used to produce 
low temperatures. A mixture containing about 3 parts of snow and 1 
part of common salt will produce a temperature of from 4*^ to 6° below 

0® E. A mixture containing 3 parts of 
calcium chloride and 2 parts of snow 
will produce a temperature of 50° below 
0° F. The mixing of equal parts of 
nitrate of ammonia and water may result 
in reducing the temperature of the 
mixture through 46° F. 

Note. — Water For Extin GuisHiisra 
Fires may, when kept in barrels which 
are exposed to freezing weather tempera- 
tures, be kept fluid by dissolving (see 
Fig. 283) a quantity of calcium chloride 
therein. Calcium chloride is preferable, 
for this purpose, to common salt. The 
corrosive action of common salt oif* 
metals is considerable. Also, the salt 
tends to creep from the solution, by 
capillary action, and crystallize on the 
outside of the containing vessel. If 
calcium chloride is not obtainable, 
common salt may be used. 

288. The Effect Of Pressure Upon The Melting And Freez- 
ing Temperature Of Substances will now be considered. If a 
body of water has imposed on it a pressure many times greater 
than the pressure of the atmosphere, it will continue in the 
liquid state even though its temperature be reduced somewhat 
below its freezing point (Sec. 278) under atmospheric pressure. 
But if a mass of lead is melted under atmospheric pressure and 
is then subjected to a pressure greatly in excess of atmospheric, it 
will again become solid at a higher temperature than the 
temperature under which it was melted. These phenomena 
suggest the following principles: (1) The temperatures of melting 
and solidification of any substance which expands while solidi- 
fying and contacts while melting is lowered by applying pressure. 
(2) The temperature of melting and solidification of any suh^ 
stance which contracts while solidifying and expands while melting 
is raised by applying pressure. 



Fig. 283. — Graphs showing 
freezing temperatures of calcium- 
chloride and sodium-chloride (com- 
mon salt) solutions, in water, of 
dijfferent concentrations. 
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Exampi^e. — A smaU wire (Fig. 284) with weighted ends, WW, is slung 
over a rectangular block of ice. The temperature of the surrounding 
air remains constantly at 32^^ F, The pressure, due to the suspended 
weights, WW, which the wire exerts, upon the narrow area upon which it 
rests, reduces the freezing temperature 
of that area slightly below 32° F. 

Hence, the ice under and in immediate 
contact with the wire begins to melt. 

Presently, the wire will have cut into 
the ice-block to a considerable depth. 

But as the wire descends it will dis- 
place the water which results from the 
melting. The water will gather above 
the wire. Being relieved from the 
pressure of the wire, the water will 
again freeze to ice. The fissure which 
the wire forms as it descends is thus 
being . constantly closed above the 
wire. Hence the wire becomes em- 
bedded in the ice-block as it cuts its 
way through. The process of melting 
under pressure and freezing again 
when the pressure is relieved is called 
Regelation. 

Note. — The Fhbezijs-g Temperature Op A Body Op Water May Be 
Lowered from 32° to about 31.9865° F. by adding 14.7 lb. per sq. in. 
(1 atmosphere) to the normal atmospheric pressure on its surface, and 
the freezing temperature will decrease approximately 0.013,5° F. for each 
additional atmosphere of pressure added. 

289. Tatent Heat Of Melting Or Fusion will now be con- 
sidered. As defined and explained in Sec. 106: ‘^Latent heat 
is the heat energy which is required to produce changes in the 
physical state (Sec. 49) of a substance.'' It has been found 
by thousands of experiments that, for each substance, a 
certain definite amount of heat is required to convert, into the 
liquid state, 1 lb. of the solid substance which is already at its 
melting temperature. Following Table 291 shows values. 
This amount of heat which is required to convert 1 lb. of a 
substance, which is in the solid state and at its melting tem- 
perature into the liquid state, at the same temperature, is 
called the latent heat of melting for the substance. See also 
Sec. 103. 

Explanation. — If a quantity of cracked ice (Fig. 285) be melted over 
the flame of a spirit lamp, the mercury in the Fahrenheit thermometer 



effect of pressure on the melting tem- 
perature of ice. 
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will stand at the 32^^ mark until the ice is entirely changed to water. 
But the instant the last vestage of the original mass of ice has disappeared, 
the mercury will begin to rise. Although the thermometer indicates no 

rise of temperature while the melting is in prog- 
ress, the ice is, nevertheless, constantly 
absorbing heat from the flame. But this heat 
is wholly expended as disgregation work — ^in 
overcoming the cohesion among the molecules 
of the ice crystals (Sec. 50) and in separating 
them. That is, the energy of this latent or 
unindicated heat is used up in the work of 
disintegrating the compact molecular structure 
that exists in ice and in giving the molecules 
that freedom under which they exist in water. 

Hence, the 'datent^' heat which is not re- 
vealed by the thermometer resides within the 
water in the form of molecular potential energy, 
or as the additional energy of position which 
the molecules possess by virtue of their in- 
creased distance from one another. This 
Fia. 28S.—mustrating latent plienomenoii is, presumably, present in tbe 
heat. melting of all substances. 

290. Similarly, When A Substance Changes From. The 
Liquid To The Solid State, The Latent Heat Energy Existing 
Within The Liquid Is Given Up to surrounding substances. 
Or, stating the same id^a in a different way; As a substance 
is changed from the liquid to the solid state, the latent heat 
energy (disgregation heat) which resides within the liquid 
must, to effect the change, be abstracted from the liquid. 
Hence (Fig. 286) the temperature of any substance which 
has a determinate freezing point (Sec. 278) continues con- 
stant while the substance is changing from the liquid to the 
solid state. 

Example. — crucible containing molten zinc (Fig. 286) at a tempera- 
ture of 896° F, is permitted to cool. The liquid zinc begins giving up its 
sensible, or vibration heat (Sec. 97). Therefore, the temperature falls 
gradually, AB, until 787° F., which (Table 285) is the temperature of 
solidification, is reached. The temperature remains at 787° (BC, Fig. 
286) until the zinc has completely solidified. During this BC interval 
the zinc is giving up its latent heat of melting, or disgregation heat. 
When all of this heat has been abstracted, the solid zinc then again begins 
giving up its sensible or vibration heat. Hence, the gradual fall of 
temperature is resumed as shown at CD. 
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Note. — It Is Probably Trite That The Melting Oe Every Crys- 
talline Substance Requires The Expenditure Op A Certain 
Quantity Of Heat, depending upon the nature of the substance, to 


change the molecular arrangement 
which exists in the solid state of 
the substance to that which exists 
in the liquid state. This, how- 
ever, cannot be asserted without 
qualification, since the melting 
temperatures of some substances 
are so extremely high that accurate 
observations of the phenomena 
involved cannot be made. 

Note, — ^The Early Investiga- 
tors Op Heat Phenomena Gave 
The Name Latent Heat to the 
heat energy (disgregation heat) 
which is expanded in reconstruct- 



Fig. 286 . — Graph showing temperatuxe 
conditions during the cooling and solidifica- 
tion of a mass of mblten zinc. 


ing the molecular arrangements 

of melting substances. It was presumed that this energy simply soaked 
into a melting substance and remained concealed therein in a deadened 


or dormant condition. 


Note. — Dr. Black, A Scotch Physicist, In 1760 Determined The 
Latent Heat Op Ice. — He placed two vessels, one containing 1 lb. of ice, 
and the other containing 1 lb. of water at 32® F., in a chamber in which 
the temperature was kept constant at about 47.3® F. The temperature 
of the 1 lb. of water rose to 39.2® in 0.5 hr. The melting of the 1 lb. of 
ice and the heating of the resulting water to 39.2® consumed 10.5 hr. 

The experimenter assumed that during each hr. equal quantities of 
heat passed from the surrounding air into the 1 lb. of ice and the 1 lb. of 
water. That is, (so Black computed) the ice received 39.2 — 32 = 
7.2 'per 0.5 hr. Hence, in 10.5 hr. the ice absorbed (10.5 0.5) X 

7.2 ^ 151.2 B.t.u. Only 7.2 B.t.u. were required to raise the temperature of 
the melted ice to the temperature of the chamber. Therefore, a quantity 
of heat = 151.2 — 7.2 ^ 144 B.Lu , — ^the latent heat of ice — was pre- 
sumed by Dr. Black to have been absorbed and stored in the water in a 
^‘latent” or dormant condition. 

Dr. Black's method was not strictly accurate because, actually, heat 
transfer is, as explained in Div. 5 dependent not only on the time during 
which the heat flows but also on the average difference between the 
temperature of the cold body and that of the hot body the thermal 
pressure. Now, the average thermal pressure forcing heat into the 1 Ib. 
of water was, actually, slightly different from that which forced heat into 
the 1 lb. of ice. Hence, Dr. Black’s result was inaccurate, because he 
assumed that both of these thermal pressures were the same. A more 
accurate method of determining the latent heat of melting is the method 
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of mixtures (similar to that of Sec. 94). It is remarkable how nearly 
correct Dr. Black's result actually was. 

Later and more consistent determinations have shown that the latent 
heat of melting of ice is more accurately 143.3 B.t.u. per lb. However, 
the value of 144 B.t.u. per lb. is the one which is commonly used in 
engineering work. 

291. Table Showing Latent Heats Of Melting Or Fusion Of 
Different Substances. — The values shown here have been 
computed from the Smithsonian Tables. 


Latent heat of melt- 

Substance ing, in B.t.u. per 



pound 

Aluminum 

138.2 

Bismuth 

22.75 

Copper 

7S.6 

Iron, gray cast. 

41.4 

Iron, white cast 

59.4 

Iron slag 

90.0 

Iodine 

21.08 

Ice 

143.33 

Lead 

9.65 

Mercury 

5.08 

Nickel 

8.35 

Platinum 

49 0 

Silver 

37.9 

Sulphur 

16.87 

Tin 

25.2 

Zinc 

50.63 


Note. — Strictly, The Latent Heat Op Melting Op A Substance 
Will Vary With The Pressure Which Is Imposed On The Substance 
While It Is Melting, if the substance expands or contracts due to the 
melting. This is because that if the substance changes volume in 
melting external-work heat will (unless the melting occurs in a vacuum) 
have to be supplied — in addition to the disgregation heat — to do the 
external work which is occasioned by any change of volume. However, 
as explained in Sec. 103, the amount of this external work is so small in 
practical cases that it may be safely neglected. 
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292. The Heat Required For Melting A Given Weight Of A 
Substance together with that required to warm the substance 
to its melting point, may be computed by the following 
formula: 

(240) Q = W[C(r^ - T) + (B.t.u.) 

Wherein: Q = heat, in British thermal units, required for warm- 
ing and melting the substance. W = weight of substance, in 
pounds. Tm = temperature, in degrees Fahrenheit, at which 
the substance melts. T= initial temperatxxre, in degrees 
Fahrenheit. C = mean specific heat of the substance, between 
T and Tm, see Table 90. LfM = latent heat of melting, in 
British thermal units per pound, see Table 291. 

Example. — A block of ice weighs 201.5 lb. Its temperature is 29° F. 
How much heat will be required to melt it? SoiiUTiON. — By Table (90), 
the specific heat of ice — 0.504 Bl.u. per lb. By Table (291) the latent 
heat of melting of ice — 143.33 B.t.u. per lb. Hence, by For. (240), the 
required heat = Q = Nf\C{TM — T) + Lm] = 201.5 X {[0.504 X(32 — 
29)] ■+• 143.33} = 29,186 B.t.u. 

Example.-- — ^A copper ingot weighs 55 lb. Its temperature is 80° F. 
How much heat will be required to melt it? Solution. — By Table (90) 
the specific heat of copper = 0.093 B.t.u. per lb. By Tables 291 and 285, 
the latent heat of melting and the melting temperature of copper are, 
respectively, 75.6 B.t.u. per lb. and 1981° F. Hence, the required heat — 
{[(1981 — 80) X 0.093] + 75.6} X 55 -= 13,882 B.t.u. 

QUESTIONS ON DIVISION 9 

1. What chiefly distinguishes the molecular structure of a substance in the solid 
state from the molecular structure of the same substance in the liquid state? 

2. What is meant by temperature of fuaion? Temperature of solidificationf 

3. What characteristic of substances apparently determines whether the melting 
temperature of a substance shall be constant or variable? 

4. The freezing temperature of a mixture of sugar and water is lower than the freezing 
point of pure water. Why is this? 

5- What are freezing mixtures? How may they be utilized practically? 

6. What, in general, is the effect in the melting points of two or more different metals 
when an alloy is formed with the metals? In what respect is this principle of practical 
utility? Give an example. 

7. In what manner, other than by melting, can some solid substances be reduced to a 
liquid state? 

8. What is a solute? A solvent? 

9. In what ways do variations of pressure affect the melting and freezing tempera- 
tures of substances? 

10. What is meant by latent heat of fusion? 

11. What becomes of the latent heat in a liquid substance while the substance is 
solidifying? 

12. Describe and give value® for Dr. Black’s latent-heat experiment. 
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13. X>oea the latent heat of fusion perforin a constant action function in a liquid 
substance, that is does it do work — or does it exist in a state of dormancy? In any 
event, what is the function of latent heat of fusion? 

14. Why did the early experimenters use the term “latent’* in defining the non- 
sensible heat that goes into melting substances? 

15. What is a fusion ‘pyrometerf 

16. Explain the use of Seger cones. 

17. What are temperature pendantsf 


PROBLEMS ON DIVISION 9 

1. How much heat is required to change 300 lb- of ice at 22® F. to water at 32° F.? 

2. An ice-can (Fig- 274} contains 258.3 lb. of vi'afer at 65® F. How much heat will 
pass from the water in the can to the brine in the tank while the water is freezing to a 
solid block of ice at 32® F.? 

3. What is the approximate freezing temperature of a mass of pure water if the gage 
pressure on its surface is 110 lb. per sq. in.? 

4- A ton of tin at a temperature of 80° F. is heated and melted in a crucible to 660° F. 
How much heat is absorbed by the tin? 
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293. Vaporization is the change in state (Sec. 49) of a sub- 
stance which occurs when the substance is transformed from 
the liquid state into the "vapor form of the gaseous state. 
See Sec. 225 for the distinction between a vapor and a gas. 
Vaporization is a common phenomena and one of great 
practical importance. 

Examples. — In the steam power plant (Div. 15) it is vaporization 
that changes the boiler water into steam when the water is heated. In 
the refrigerating plant (Div. 18) it is the vaporization of the liquefied 
ammonia or other liquefied gas which indirectly produces the artificial 
ice and the low temperatures which are necessary in cold-storage houses. 
It is due almost wholly to vaporization that cooling towers and spray 
ponds (see the author’s Steam Powek Plant Atjxilliaries and 
Accessories) cool the circulating water. In the home, it is vaporiza- 
tion which drys the family ^‘wash.” 

Note. — Steam Is Merely Water Vapor or, as it is sometimes called, 
aqueo'iis vapor. Hence, as will be explained in Div. 11, much valuable 
information concerning the properties of water vapor may be obtained 
from steam tables, an example of which is given in Table 394. 

294. There Are Two Kinds Of Vaporization: (1) Evapora- 
tion. (2) Ebullition. Evaporation (Fig. 155-7) is vaporization 
which occurs only at the free surface of a liquid. Evaporation 
takes place only below the boiling point of a liquid. Ehulli- 
lion (Fig. 155-77) or boiling is vaporization which takes place 
from within the body of a liquid, the evolved vapor passing 
through the liquid to the surface. Each of these two forms 
of vaporization is discussed in succeeding sections. 

Note. — Stjblimination (Fig. 155-7/7) is sometimes considered as a 
form of evaporation. But in this book it is deemed best to treat it as a 
distinct phenomenon. It is discussed in Sec. 163. 

295. Evaporation is occurring about us continually. Water — 
or any liquid — left in an open vessel gradually disappears. 
But some liquids evaporate more rapidly than others. Thus, 
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alcohol evaporates more rapidly than water; ether evaporates 
more rapidly than alcohol. In each of these cases the liquid 
which evaporates is transformed into a vapor and passes 
away as such. 

Note. — A Volatile Stibstaitce is one which will evaporate freely 
at a relatively low temperature. The term “volatile/’ however, is 
generally used only in comparing two or more substances. One sub- 
stance is said to be more volatile than a second if, at a given tempera- 
ture, the first substance tends to evaporate more freely than the second. 
Thus, alcohol is more volatile than water and less volatile than ether. 
Of two substances, the more volatile will, for a given pressure, have the 
lower boiling point (Sec. 315) and will, for a given temperature, have 
the greater vapor pressure (Sec. 304). 

296, Evaporation Of Liquids Occurs At All Temperatures 

provided the space which is in contact with the liquid does not 
contain a saturated (Sec. 305) vapor of the liquid. Many 
examples of this fact are matters of common observation. 

Example. — The moisture from wet clothes which have been ^^hung 
out to dry” evaporates more rapidly in hot dry weather. 

Explanation". — The Theort Of Evaporation is this: The molecules 
of all substances which are at temperatures above 0 deg. absolute, that is 
which contain heat energy, are (Sec. 45) in continuous motion. In the 
case of a liquid, the motion of the molecules is rapid and occurs through- 
out the entire body of the liquid mass. Now, while these rapid molecu- 
lar movements are occurring, certain liquid molecules collide continually 
with others which are similarly vibrating about rapidly. Due to the 
impact of these collisions, some molecules attain velocities much greater 
than the average velocity of the molecules in the mass. If the molecules 
which thus have acquired velocities greater than the normal happen to 
be near the surface of the liquid, then they may be projected (Fig. 287) 

out into the space above the liquid. 
Thus they become gas or vapor 
molecules. In the aggregate they 
form a vapor in the space above the 
liquid. During the process of evapo- 
Fia. 287. — Illustrating evaporation or ration into air, the space above the 
surface-vaporization- liquid is occupied by a mixture of 

air molecules and vapor molecules. 
The vapor molecules occupy portions of the large (relatively) spaces 
between the air molecules. 

297. When. The Liquid Is IJnconfined The Flying OS Of 
The High-velocity Molecules Continues until, ultimately, 
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all of the liquid molecules disappear. Then complete vapori- 
zation has occurred. The liquid has ^'evaporated/’ 

Note. — When Heat Is Adueb To The Liquid — when it is warmed — 
the Telocity of its molecules is increased and its evaporation is thereby 
hastened. 

298. The Laws Of Evaporation are: (1) It increases with 

the temperature. (2) It increases with the extent of surface 
exposed hy the liquid, (3) It is much greater into dry air than 
into air which contains vapor. That is, it decreases as the 
saturation increases (Sec. 305). (4) It increases with the rate of 

removal of the vapor from the surface of the liquid as some vapor 
molecules near the liquid surface tend to return to the liquid 
body if the vapor is not removed, (5) The rate of evaporation 
is increased hy diminishing the pressure on the exposed liquid 
surface and vice versa. (6) The rate of evaporation depends on 
the nature and concentration of any substances which may he 
dissolved (Sec. 286) in the liquid. Formulas for computing the 
actual rate of evaporation of water under various conditions 
are given in the author’s Steam Power Plant Auxiliaries 
ANB Accessories. 

299. Evaporation Increases With The Temperature Of The 
Liquid. — This follows since (Sec. 55) an increase in the tem- 
perature of the liquid is equivalent to an increase in the 
average velocity of molecular motion of the liquid molecules . 
When the temperature of a liquid is increased, the number of 
liquid molecules, which in a given time attain the high 
velocity which is necessary to project them into the space 
above the liquid, is increased correspondingly. Thereby the 
evaporation is increased. 

Examples. — Wet objects dry more rapidly when placed on a radiator 
or near a hot stove. Damp objects are dried quickly by passing a hot 
iron over them; a cold iron has no effect. A sprinkled street pavement 
on which the sun is shining will dry promptly while one in the shade will 
remain wet. 

300. Temperatures May Be Decreased By Evaporation 
(Fig. 288). When a certain weight of a liquid is vaporized, 
by evaporation or otherwise, then an amount of heat equal 
to the latent heat of vaporization of that weight of the liquid is 
abstracted from the liquid and air and objects which are adja- 
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cent to it (latent heat of vaporization is discussed in following 
Sec. 322). Thereby the remaining liquid and adjacent bodies 
are cooled. There are many practical examples of this 
phenomenon. A few are given below. 

Explanation. — Evaporation is in reality an escape, from the surface 
of the Kquid, of those liquid molecules which have acquired the highest 
velocities — which represent the greatest heat energy per molecule. 



Fig. 288. — Illustrating the cooling effect of evaporation. 


Hence, the continual projection of these molecules from the liquid results 
in a correspondingly continual decrease in the average velocity — tem- 
perature — of the molecules which remain. The temperature of the 
remaining liquid will therefore decrease until no more heat is lost from it 
by evaporation than it receives from surrounding objects. 


Qprofj^ Nozx!<z^ yDhfrlbuf'mof P!p<z. ^-Sorcfu 
^uGfion L}r}<z } f ,pra " if 





Fig. 289.-“Spray cooling pond. The evaporation from the sprays and. from the surface 
of the pond cools the water. 


Examples. — A small quantity of ether dropped on the back of the 
hand will evaporate very quickly: Coincidentally, an intense cooling 
sensation will be felt where the ether touches the hand. If the ether 
is dropped on cotton (Eig. 288) which is wrapped around a thermometer 
bulb, the thermometer will indicate an immediate and pronounced tem- 
perature decrease. The temperature of condenser circulating water, 
which is used over and over again, is reduced by evaporating a small 
portion of it in a cooling pond (Pig. 289), a cooling tower (Pig, 290) or with 
spray nozzles (Fig, 291), Drinking water is kept cool in hot dry locali- 
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ties by placing it in a porous earthenware jar (Pig. 292) which is hung in a 
shady windy place; the water which seeps through to the surface of the 
porous jar is evaporated and thereby the remainirig water in the jar is 
maintained cool. The evaporation from a specially constructed porous 
earthenware vessel (Pig. 293), which has been submerged in and satur- 




Fiq. 290. — Cooling tower. (Warm water enters the distributing tray, jT, and. falls 
in fine streams over the lath checker- work. A current of air from the fan. along with 
some air drawn in by nattiral draft cools the falling water by evaporation.) 

Fia. 291. — Spray nozzle with part of side cut away. (The nozzles break tke water 
into fine droplets, thus exposing a large svirface for contact with the air thereby causing 
rapid evaporation.) 


a ted with, water, maintains at a relatively low temperature the food con- 
tained therein. Solid carbon dioxide may be made by the cooling effect 
of liquid carbon dioxide evaporating in a bag (Fig. 294). 

Example. — Freezing Water By The Evaporation Of Ether may 
be effected with the apparatus shown in Fig. 295. The beaker is placed 
on a thin film of water on the wooden block. The block serves as a heat 
insulator. By blowing air through the ether with the bellows, the ether 
is evaporated rapidly. It absorbs the heat required for its evaporation 
from adjacent objects. Thereby the water film is transformed to ice: 
The beaker is “frozen” to the block with a layer of ice. In refrigeration 
plants, the evaporation of the liquid ammonia in the cooling coils (Fig. 
296) abstracts (indirectly, see Eiv. 18 on Refrigeration) heat from the 
water in the freezing cans. Thus the water in the cans is changed into 
ice. 

IS 
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Fig. 292, — Porous earthen water jar or “oUa” used for cooling water in hot dry 
climates. (Courtesy Santa Fe Railroad.) 



NZZC/I& Valvt, 



Fig. 294. 


Fig. 293. — Porous earthen cooling vessel. Food articles are placed .inside. Entire 
vessel is then submerged in water for about 3 min. Water soaks into porous walls. 
Subsequent evaporation of water from outside of walls produces cooling effect. 

Fig. 294. — Method of making solid carbon dioxide. (Opening V permits liquid 
carbon dioxide to flow into cloth bag B. Its rapid vaporization therein, due to the 
reduced pressure, causes the formation of carbon-dioxide snow in B.) 
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301. Condensation is the opposite of vaporization. It 
is the process by which a substance changes from the gaseous 
to the liquid or solid state. As explained hereinafter, conden- 



Fjq. 295, — Water frozen by the rapid evaporation of ether, 

sation of a vapor may be due to either an abstraction of heat 
(cooling) when the pressure remains constant or to compres- 
sing the vapor when the temperature remains constant. 
Or it may be due to a combination of the two conditions. 


£xpornswrt ^^-Lscfufoi Ammonfct From Corcfense^r Frcuzlnx Tcmk^^ 


F/^AmmonJoi Vapor 


''^-Low Pr<02Sijr^ R<oceirer 

fee- CarKi Tnli 
m^cf fY/f/i 



Fig. 296. — Diagram of cooling coils and brine system used in making “can” ice. 
(Diquid ammonia, when released through V, vaporizes and abstracts heat equivalent to 
its latent heat of vaporization from the brine in CT. The brine is then circulated through 
the freezing tank FT. Thereby the water in the cans, C, is frozen.) 


Examples. — In the condenser (Fig, 297) in a steam-power plant, the 
steam is condensed into water by abstracting heat from it with cold 
water. Economies, as explained in Div. 15 result from the condensing 
operation. In a compression refrigeration plant (see Div. IS), the 
compressed ammonia vapor is condensed into liquid ammonia in an 
ammonia condenser. 

302. All Substances Increase In Volume When Vaporized 
And Decrease In Volume VThen Condensed. — That is, their 
volumes increase (Fig. 298) when they are transformed from 
the liquid to the gaseous state and decrease when they are 
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transformed from the gaseous to the liquid state. All sub- 
stances (Table 303) undergo very great changes of volume 



while vaporizing or liquefying at 
moderate pressures. 

Examples. — One (1) cu. ft. of water 
at 212° F., will expand into about 
1,604 cu. ft. of steam at atmospheric 
pressure; see also Fig. 298. Also, 9.47 
cu. ft. of carbonic acid gas (carbon 
dioxide or CO 2 ), at 32° F., in a mano- 
meter gas tank, will contract into 1 
cu. ft. of liquid carbonic acid when 
condensed into a steel drum. 



Fia. 297- — Sectional view of Wheeler barometric ejector condenser. 

Fia. 298. — Showing relative volumes of the same weight of steam and water. (At 
212® 'F. and 14.7 lb. per sq. in. pressiire, 0.000,607 cu. ft. — ^or 1.05 cu. in. — of water will 
make 1 cu. ft., or 1,728 cu. in. of steam.) 


303* Table Showing Specific Volumes Of Variotis Substances 
In The Liquid and Gaseous States. (Marks^ Mechanical 
Engineers^ Handbook.) 


Material 

Boiling 
pressure, 
lb. per sq. 
in. abs. 

Boiling 
temper- 
ature, 
deg. Fahr 

Specific volume = cu. 
ft. per lb. 

Ratio = 
G ^ L 

i ^ 

Liquid 

[ G 

Gas 

Water 

14.7 

212 

0.0167 

26.79 ' 

1604 

Ammonia 

14.7 

— 27.2 

0.0237 

18.02 

760 

Carbon dioxide. 

503.5 

32 

0.01759 

0.166G 

9. 

Sulphur dioxide 

14.7 

13.7 

0,01130 

6.38 ! 

477 
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304:. Vapor Pressure Or Vapor Tension (Fig 299) is 
the pressure exerted by a body of Tapor. It may be conven- 
iently measured in pounds per square inch, inches mercury 
column, or in any other pressure unit (Sec. 7). The molecules 


comprising the vapor of a vaporized liquid act (Sec. 50) 


precisely as do those of a permanent 
They produce a pressure by 
bombardment of the walls of any 
enclosing vessel. 

Example. — The most important ex- 
ample of vapor pressure is the pressure 
exerted by steam (Fig. 299) which is 
aqueous or water vapor. 




Fig. 299. — Vapor pressure exerted by water Pig. 300. — Illustrating the principle 


vapor (steam) on confining walls. 


of vapor pressure. 


Example. — Tube A in Fig, 300 in reality constitutes a barometer as 
explained in Sec. 10. The height of mercury column. Hi, is the height 
which is supported by the atmospheric pressure. If now a drop of ether 
be introduced into the tube with a curved pipette, as shown at B, the 
mercury column will immediately be forced down to the height i/a. 
The difference, jD, in the heights of the two mercury columns will be the 
vapor pressure, expressed in inches mercury column, which is exerted by 
the ether vapor. The bombardment of the ether-vapor molecules 
creates the pressure which forces the mercury column down. The 
pressure of saturated ether vapor at room temperature may be as great 
as 16-in, mercury column. 

Note. — Vapor Pressure Is Exerted Wherever There Is A 
Vapor. — While the effects of vapor pressure are most apparent when 
the vapor is confined in a closed vessel such as a steam boiler or a closed- 
end tube like that of Fig. 300, an unconfined vapor exerts a pressure, 
just as does any gas, on the objects in and around it. Thus, water 
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vapor in the air exerts a part of the observed pressure on the earth^s 
surface — ^land and water — and on all objects in the locality where the 
vapor exists. 

Example. — Suppose the atmospheric pressure as shown by a barom- 
eter is 14.5 lb. per sq. in. and that the air is mixed with saturated water 
vapor at 80° F. The vapor pressure due to aqueous vapor at 80° F. is (by 
a steam table) about 0.5 lb. per sq, in. Hence, the pressure due to the 
oxygen, nitrogen, and other relatively non-condensable constituents of the 
air is 14.5 — 0,5 = 14.0 Ih. 'per sq. in. That is, a cubic foot of the air 
will contain only as much of the non-condensable gases as if it were free 
of water vapor and at a pressure of 14 lb. per sq. in. When the quantity 
of a gas which is over water is being measured, this efect must be 
considered. 

305. A Saturated Vapor is any vapor which cannot have 
heat abstracted from it or be compressed at constant tempera- 
ture without partially condensing. That is, a vapor is 
saturated when its molecules are so densely packed in the given 
space that additional molecules arising from the liquid would 
tend to reduce the molecular arrangement to that which exists 
in the liquid state of the substance. See also Sec. 354 for 
another definition of saturated vapor. 
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Note. — ^WHE 3sr A Vapob Is Satxjbatei>, The Pressure Exerted 
By The Vapor presses, as it were, down on the liquid and, in effect, 
prevents further liquid molecules from entering the space where the vapor 

exists- There is an equilibrium be- 
tween the pressure exerted by the 
vapor and the pressure exerted by the 
liquid. A vapor which is confined in 
a closed vessel may and will become 
saturated (Pig. 301-//) provided that 
a portion of the liquid remains in the 
vessel. But a vapor which is uncon- 
fined (Fig. 301-/), which is free in 
the open air, cannot become saturated 
because the vapor molecules diffuse 
and seep away through the air (note 
under Sec. 304) and are wafted away 
by air currents. 

Explanatiok. — The water in the 
closed cylinder (Fig. 302) is assumed 
to be in process of vaporization at a certain temperature, T. Due to the 
violence of their vibratory motion, the liquid molecules at the surface 
are (Sec. 296) incessantly darting into the space between the water and 
the piston. Thus they become vapor molecules. But, while darting 
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Fio. SOI. — Showing how confining 
vapor prevents fiirther evaporation. 



Sec. 306] 


VAPORIZA TION 


279 


hither and thither in the enclosed space, some of these vapor molecules 
strike the surface of the water. Xhese molecules therehy resume their 
original status as water molecules. 

For a time, a greater number of molecules will be leaving the water to 
become vapor molecules than will be returning thereto to again become 
liquid molecules. The disparity be- 
tween the number of departing and 
the number of returning molecules 
will, however, gradually diminish. 

Finally, the number of molecules 
arising from the water as vapor will 
equal the number returning thereto 
as liquid. 

Hence, if the piston is still main- 
tained in its original position, the total 
number of vapor molecules in the 
space between the piston and the water 
will thenceforth continue constant. 

When this condition of equilibrium is 
attained, the vapor is saturated. 

Note. — The Word Saturation” 

Is COMMONUT XJsEO To INDICATE 
The Condition Op The Aqueous 
Vapor In The Air In Any Space 
Into Which Water Has Vaporized. — In such cases the air is incorrectly 
said to be saturated with the vapor. (Instead it should be said to be 
mixed with saturated vapor.) This ^'saturated-with-the-vapor” idea is 
the popular, though scientifically inaccurate, interpretation of the term. 
It results from an erroneous theory, which formerly prevailed, that air 
preserves the vaporized condition of a substance by holding, like a sponge 
holds water, the vapor molecules suspended in the pores or spaces 
between its own (the air’s) molecules. The following terms are (Psy- 
CHROMETRIG Tahues, W. B. No. 235; U, S. Department Of Agriculture) 
incorrect: ‘‘The air is partly saturated with moisture.” “Weight of 
aqueous vapor in a cubic foot of saturated air.” The following is cor- 
rect: “Weight of a cubic foot of saturated aqueous vapor.” That is, 
the air is not “saturated;” it is the vapor which is saturated. 

Example. — Steam in a boiler 'which is under pressure, assuming of 
course that there is water in the boiler in contact with the steam, is a 
good example of saturated aqueous vapor. In fact, such is called sat- 
urated steam. 

306. Dalton^s Laws For Vapors, discussions of which follow, 
are: (1) The pressure of a saturated vapor depends only on its 
temperature. (2) The total pressure of a mixture of gases 
or vapors which have no chemical action on each other, is equal to 


Ho/ncfle-., 
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Fig, 302. — Illustrating principle 
of vapor-saturation. 
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the sum of the pressures which each would exert seperately if it 
were alone in the space occupied hy the mixture. These laws 
are stated a little differently by various authorities but the 
differences are of minor importance — ^the laws, as stated here, 
are believed to enumerate the governing facts, 

Notej. — ^Tnn Second Or The Above Laws Is Cabled Dalton's Law 
Or Partial Pressures/' — The law does not hold for vapors of liquids 
which dissolve in one another either partially or in all proportions 
(Gregory and Hadley, Manual Or Mechanics And Heat, p. 237). 
See discussion of this law as applied to gases in Sec. 276- 

Example Op Exception. — Gasoline is a mixture or solution of many 
liquidshaving different boiling points (Sec. 315). The vapor pressure of 
each of these liquids is sufficient so that if the combined vapor pressure 
were the sum of the individual vapor pressures, a pressure of much more 
than atmospheric pressure would be developed and the liquid would boil 
at ordinary temperatures- Similarly it would be impossible to condense 
the gasoline vapor as it is condensed in its purification by distillation. 
The combined vapor pressure of the gasoline constituents is more nearly 
an average than a sum of their individual vapor pressures. 

307, The Pressure Of A Saturated Vapor Depends Only On 
Its Temperature. — If enough ether is introduced into tube B 
of Fig. 300, so that it does not all vaporize at atmospheric 
temperature, then T> will measure the pressure, in inches of 
mercury column, of the saturated ether vapor at that tempera- 
ture. If, then, the saturated vapor in B be warmed by passing 
a bunsen-burner flame across it, more of the ether will be 
vaporized and the vapor will then exert a greater pressure and 
force the mercury still further down. Cooling the vapor has 
the opposite effect. By measuring the pressures exerted by 
the vapor at different temperatures, it can be shown that the 
pressure (Sec. 308) of a saturated vapor is determined only by 
its temperature. The pressure is independent of its volume 
if the temperature remains as shown above, the vapor deter- 
mines its own volume for any given temperature. 

Example. — By referring to a saturated-steam table (Sec. 394) it will 
be noted that for each pressure there is a definite temperature and vice 
versa. A saturated-steam table is merely a saturated-water-vapor table. 

Explanation. — For each temperature of a gas or vapor, there is 
(See. 55) a certain speed of vibration of its molecules. Since the vibra- 
tion speed of the molecules determines the pressure which the gas exerts 
it follows that the pressure is determined by the temperature. If the 



Sec. 308] 


VAPORIZA TION 


281 


temperature of the vessel which contains the vapor is raised, the mole- 
cules are projected more frequently from the liquid. Hence, more vapor 
molecules must then accumulate above the liquid to insure equilibrium 
between the vapor and its liquid. Thereby the number of moleotiles in 
the vapor space is increased- Furthermore, their velocities are increased 
by the temperature increase. Hence the pressure exerted by the vapor 
is increased correspondingly. 

308. The Saturatioii Pressure Of A Vapor is defined as the 
pressure which, at a given temperature, the vapor exerts when 
completely saturated. The saturation pressure is the maxi- 
mum pressure which a vapor can exert at any given tempera- 
ture. Saturated-steam tables (Sec. 394) give the saturation 
pressure for water vapor or steam. 

309. Condensation Occurs When Heat Is Abstracted 
From A Saturated Vapor Or When Vapor Is Compressed 
Without Changing Its Temperature. — Examination of any 
saturated-vapor table (Div. 11) will disclose that the density 
(weight of a cubic foot) of saturated vapor increases with its 
temperature. Now, if heat is abstracted from a saturated 
vapor, the vapor will be cooled and will contract — as all sub- 
stances do when their temperature is decreased. Or, if the 
saturated vapor is compressed, its temperature remaining con- 
stant, it will then also occupy a smaller volume. Hence, 
abstracting heat from or compressing a saturated vapor causes 
a given weight of the vapor to occupy less volume — ^that is, 
increases the density of the vapor. But, by the vapor tables, 
the density of the vapor cannot have a value greater than given 
in the table for the given temperature. Therefore, a portion of 
the vapor must condense and occupy only that smaller volume 
which it requires when in the liquid state. If th^ vapor has 
been compressed without changing its temperature, then the 
resulting mixture of liquid and vapor will still exert the same 
vapor pressure as before compressing the vapor; but the vapor 
will now occupy a smaller volume than before. If the vapor 
has suffered an abstraction of heat, it may exert a smaller 
pressure and exist at a lower temperature than before heat was 
abstracted from it. 

Note. — Heat Is Abstracted From Water Vapor In A Steam Con- 
denser. — Steam may, after being used by an engine or turbine, be 
admitted to the condenser which is maintained at a low tempera- 
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ture by circulating cold water through it. The exhaust steam is thus 
cooled to a relatively low temperature at which it can exert only a small 
pressure and has a smaller density. The greater portion of the exhaust 
steam from the engine or turbine is thereby condensed — only a small 
weight of the original vapor remaining as vapor in the condenser. How 
economies may result through the operation of a condenser in connection 
with an engine or turbine is explained in Sec. 513. 

Explanation. — Imagine a closed vessel which contains a liquid and 
its vapor at a certain temperature. The vapor is saturated because it 
is in contact with the liquid and molecules are passing from the liquid 
into the vapor at the same rate as molecules are passing from the vapor 
into the liquid (as explained under Sec. 305). If, now, the vessel is cooled 
from without, the liquid will first be cooled (because it is a better con- 
ductor of heat than the vapor). Thus, the average velocity of the liquid 
molecules will be decreased. Tess of the liquid molecules will then have 
that abnormal velocity which is necessary to project them into the space 
above the liquid level. But, for the instant at least, the vapor molecules 
still possess the same velocities as before heat was abstracted. Hence, 
the equilibrium between the number of molecules passing into and out 
of the liquid is temporarily destroyed. 

Now more vapor molecules will enter the liquid than leave the liquid. 
Hence, the more rapidly moving vapor molecules enter the liquid — ^tend- 
ing to increase the temperature of the liquid and decrease that of the 
vapor. But heat is being withdrawn from the liquid. Hence, the liquid 
temperature is not increased by the entering vapor molecules but the 
liquid temperature remains constant until the vapor and liquid attain 
the same temperature. By this time enough vapor molecules have 
entered the liquid (in excess of those which have left the liquid) to 
decrease the temperature of the vapor to such a point that equilibrium is 
again restored — ^the number of molecules entering and leaving the liquid 
is again the same. But, during this process, more molecules have been 
entering the liquid than have been leaving it. Hence, a portion of the 
vapor has been condensed. 

310. Two Or More Vapors, When Mixed, Do Not Affect The 
Saturation Point Or Vapor Pressure Of Either provided the 
vapors do not act chemically on one another nor mix by solu- 
tion (Sec. 169) when condensed. The presence of more than 
one vapor simply has a retarding effect on the time necessary 
for a vapor to become saturated. The same amount of liquid 
will evaporate into an air-filled space as into a vacuum of the 
same volume. The air merely retards the rate of evaporation. 

Explanation. — The molecules of any gas or vapor have considerable 
space between them. The molecules of the second vapor occupy por- 
tions of these empty spaces. It is evident, from the theory of molecular 
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motion of gases, that the molecules in vaporizing from a liquid must 
encounter opposition by colliding with the molecules of the second vapor. 
Hence, due to the thus retarded motion, the time necessary for sufficient 
molecules to pass from the liquid to produce saturation is increased- It 
follows that complete saturation of a space wherein a partial vacuum 
exists is accomplished with greater rapidity than where the space is 
filled with air or other gas. 

311. The Effect Of The Air In Retarding The Rate Of 
Evaporation is important. If water vapor, which is constantly 
evaporating from river, lake, and ocean, diffused rapidly, the 
atmosphere would always be completely saturated (100-per 
cent, humidity, Sec. 331). All absorbent objects about us 
would then be soaked continually with moisture. But, because 
of its very slow dissemination, relatively 
little water vapor is contained in the 
atmosphere — ^even in regions adjacent 
to large bodies of water. A portion of 
that water vapor which does exist in the 
atmosphere always condenses (Sec. 339) 
when the temperature falls to the satura- 
tion point (Sec. 305). Some one of the 
weather phenomena described in Sec. 339 
then results. 

312. The Combined Pressure Of Two 
Or More Vapors Or Gases Which Occupy 
The Same Space Is Equal To The Sum 
Of The Individual Pressmes Exerted 
By Each. — This is the second of Dalton^s 
laws (Sec. 306). Its truth may be 
readily verified experimentally as is 
explained below: 

Example. — ^In Fig. 303, W is an ordinary 
barometer tube with the usual vacuum space, 303 .— The combmed 

of length V, above the mercury. All of the pressure of two vapors is 
tubes W, Xj F, and Z are of identical construe- equal to the sum of their 
tion. Into the space above the mercury in X individual pressures, 
enough water has been introduced to produce 

a saturated vapor, lowering the mercury level by distance A. Similarly, 
benzene vapor in Y lowers the level by distance E, Now, if an excess 
of water and of benzene were introduced into Z, the two combined 
saturated vapors would lower the mercury by distance T . Now it will 
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be fotind that: T = V A- A -A- E (nearly). This proves that the com- 
bined pressure of the water vapor and the benzene vapor is nearly equal 
to the sum of their individual pressures. 

313. Boiling Or Ebullition Is Vaporization From Within The 
Body Of A Liquid as well as from its surface. When heat is 
applied (Fig. 304) to a glass vessel which 
contains a transparent liquid, as clean 
water, bubbles will, after a time, be seen 
to form in that portion of the liquid 
which is immediately contiguous to the 
source of heat. These bubbles are com- 
posed of vapor, in precisely the same form 
as that which is generated by evaporation 
(Sec. 296) at the surface of the liquid. 

Explanation. — ^The liquid in contact with the 
bottom of the glass vessel (Fig. 304) absorbs heat 

Pig. 304, — Illustrating 

boiling or internal vapori- ^ , •, - 

zation. 45) of the molecules in this portion of the liquid 

mass is thereby intensified. Certain molecules 
attain very high velocities and, colliding, are thus bounced” to com- 
paratively great distances from one another. Certain of these separated 
molecules then assemble in groups and assume the mutual arrangement 
which is peculiar to the vaporous condition of matter. The bubbles, 
which may be seen through the transparent wall of the vessel, are the 
visible manifestation of this arrangement. Being less dense — Slighter — 
than the surrounding liquid, these bubbles, or groups of vaporized 
molecules, tend (Sec. 137) to rise toward the upper surface. That is, a 
condition of boiling or ebullition ensues. 

If the liquid mass is of considerable depth, the bubbles which are first 
formed may disappear before they reach the upper surface. When this 
happens, the bubbles have simply given up the heat, to which they owe 
their vaporous form, to the molecules of the cooler portions of the liquid 
through which they have passed. They have (Sec. 162) condensed. 
That is, they have resumed the molecular arrangement peculiar to the 
liquid state. 

Due to this process of convection (Sec. 137) the entire mass of the 
liquid presently acquires a practically uniform temperature. Hence, the 
bubbles which are subsequently formed at the bottom of the vessel will 
retain their heat and, incidentally, their vaporous structure until they 
rise to the upper surface where they will break and their vapor will then 
mingle with the vapor above. 

Note. — ^All Op The Bubbles Which Fobm In A Boiling Liquid May 
Not Be Vafor Bubbles. — Some of them may be due to the presence of 
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air in the liquid. Application of heat to an air-impregnated liquid will 
cause minute masses of the air to expand and form bubbles. 

Note, — When A Liquid Boies The Molecules Pass Into The 
Vaporous Co2>n)iTioN Both At The Free Surface Op The Liquid And 
At The Surfaces Op The Vapor Bubbles within the liquid. Thus, 
there is an essential difference between boiling and evaporation. In 
evaporation (Sec. 296) the molecules pass to the vaporous condition only 
at the free surface. The only reason (Millikan & Gale) why vaporiza- 
tion takes place so much more rapidly at the boiling temperature than 
just below it is that the bubbles first form at the boiling temperature 
and the evaporating surface is increased enormously by the bubbles as 
soon as they form. 

314. Table Showing Boiling Temperature Of Tiquids 
At Atmospheric Pressure. See Table 350 for boiling tem- 
perature of various liquefied gases. (Marks^ MechanicaIi 
Engineers^ Handbook.) 


Liquid 


Tempera- 
ture, in 
deg. Fahr. 


Liquid 


Tempera- 
ture, in 
deg. Fahr. 


’Ziino. 

1,680 

Sulphur 

823 

Mercury 

675 

ParafiSn 

572 

Glycerine 

554 

Phosphorus 

554 

Linseed oil 

538 

Naphthalene 

424 


Aniline 

Calcium chloride (sat. sol.) 

Turpentine 

Toluene- 

Sodium chloride (sat. sol.) . 

Water 

Alcohol 

Helium 


363 

356 

320 

230 

226.4 
212 

172.4 
450 


316- Every Liquid Has, For A Given Impressed Pressure, 
A Definite Boiling Temperature. — When a thermometer 
is inserted in a mass of liquid to which heat is being applied 
(Fig. 304), the mercury will rise until the liquid begins to 
boil. The mercury — temperature — will then become station- 
ary and will stay so (as long as there is liquid in the vessel 
and the pressure on the surface of the liquid remains con- 
stant) no matter how great the rate of heat application. Why 
the temperature thus remains constant is explained in Sec. 96 
and Sec. 98. For a given liquid and a given pressure, this 
boiling temperature or boiling point is always the same; see 
Table 314. 
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Note. — The Reasoist The Tempeeaturb Op The Liquid Cannot 
Be Increased Above The Boiling Point is that the area of surface of 
the bubbles always increases to just such an extent that the loss of heat 
necessary to do the disgregation work which is required to affect vapori- 
zation is exactly equal to the heat received from the fire. In other 
words, the disgregation heat continually passing out with the ascending 
vapor molecules becomes just equal to the heat which is being continually 
supplied by the heat source. Thus, constant temperature and a heat 
balance are maintained. 

316. The Boiling Temperature Is The Temperature At 
Which The Pressure Of The Saturated Vapor Equals The 
Pressure Existing Outside Of And Imposed On The Surface 
Of The Liquid. — This pressure is, when the vessel is wide 
open to the air, the atmospheric pressure. When the vessel 
is closed, the pressure is that due to the liquid vapor (usually 
steam) in the vessel plus the pressure of the air or any other 
gas which may be present. 

Example. — When a steam boiler is first placed in operation and has 
air in its steam space, the air pressure imposed on the water surface may 
be considerable (up to atmospheric pressure). 
But after the boiler has been operated for a short 
time, practically all of the air is displaced and the 
pressure then imposed on the liquid surface is due 
almost wholly to the vapor pressure of the liquid. 

Explanation. — As stated previously, the forma- 
tion of vapor bubbles is the visible manifestation 
of and is essential to boiling. Now it is evident 
that the vapor pressure of the vapor (Fig. 305) 
within each bubble must (disregarding the small 
additional impressed pressure due to the thrust of 
the liquid itself) be the same as the pressure — often 
the atmospheric pressure — which presses on the 
surface of the liquid. The inside vapor pressure 
and the outside impressed pressure must exactly 
equal each other — otherwise the bubble would 
collapse. Now (Sec. 315) a certain definite tern- 
BJ'e''^thinrteam‘bubWe Perature is required for the production of each 
equals pressure imposed vapor pressure. Therefore it is evident that 
on outside of bubble. bubbles cannot form until the temperature of the 
liquid is such that the pressure which its vapor 
exerts is exactly equal to the impressed pressure. Hence, the boiling 
temperature of a liquid — ^the temperature of bubble formation — must 
be that temperature at which the vapor pressure equals the impressed 
pressure. 
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317. The Effect Of Change Of Pressure On The Boiling 
Points Of Liquids (See Table 318) will now be considered. 
If a boiling liquid is subjected to additional pressure, the 
boiling will cease and the temperature will again rise as the 



application of heat is continued. Ultimately, a new tempera- 
ture — which corresponds to a new pressure — will be attained 
at which boiling will again commence. The greater the pres- 
sure the greater the boiling point (Fig. 306) and vice versa. 

Example Op The Effect Oh Boiling Temperature Op Increas- 
ing The Pressure. — In Fig. 307, heat is imparted to water in A. There- 
by the water in this cylinder is boiled. In the end of the cylinder fits a 
piston, P, which has sufficient weight to maintain a pressure of about 
5 lb. per sq. in. gage within the cylinder. The sliding piston maintains 
the pressure constant. When the heating is begun, the piston rests on 
the surface of the cool water and the thermometer, T, indicates a low 
temperature — ^the temperature of the cool water. As the heating is 
continued, the temperature rises to about (see steam table, Sec. 394) 
228'^ F., which corresponds to a pressure of 5 lb. per sq. in. At this tem- 
perature boiling commences. No further rise in temperature is indi- 
cated by the thermometer nor does the pressure, as shown by the gage, 
Gj increase. But as the vapor which is projected from the boiling water 
collects above it, more and more space is required by the vapor. This 
pushes the piston up in the cylinder until, if permitted to continue, it 
would force the piston out of the top. But the pressure and temperature 
remain constant. 



practical heat 

Now, ^ppose that after the boiling, as shown in A, has continued for 
a time, the pressure within the cylinder is so increased by the addition 
of weight, TF, that the gage will indicate constantly 10 lb. per sq. in 

^Bo/y/>70' PohtAflOLb, PrzssurB(kzac^ 240% 

Pressunzf^zcY^ ZZd-) \ 
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Fig. 307. Illustrating effect of pressure on boiling points of liquids. 
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Fia. 308.-Experin>ent proving that the boiBpg point decreases as the pressure is 

decreased. 

Immediately, the pi^on, which it will be assumed is resting half-way up 
v«r!^ cylinder, will be forced down. This reduces the volume of the 
vapor and, hence, increases its pressure. Due to this increased pressure 
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boiling at once ceases — ^there -will be no vapor bubbles in the liquid in B. 
But, if the heating of B is continued, ultimately the new boiling tem- 
perature of about 240° F. (see steam table), which corresponds to the 
new pressure of 10 lb. per sq. in., will be attained as shown at C. Then, 


Scf.Inr---^ /hbffer 

_ ^ 'Jemperorivre 

/'Boiler ^528^F 



j -I -I -I ^ ^ ^ u j s 
"'F/re Groff& * 


Fia. 309. — Illustrating effect of pressure on the boiling temperatures of liquids. 



Fia. 310. — Graph showing variation of boiling temperature of water in accordance with 
variations of altitude above sea level. 

the piston will again commence to rise as the boiling once more starts. 
Again, under these new conditions, the new temperature and the new 
pressure will remain constant. 

Example Of The Effect On Boiling Temperature Of Decreasing 
The Pressure. — First, the water in the flask F (Fig. SOS') is boiled 
19 
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Then the flask is removed from tlie flame, corked, and inverted as at O, 
The temperature of the hot water in the flask soon falls to below 212*^ F. 
and the boiling ceases. But if now some cold water be poured over the 
flask, as shown, the water in the flask will commence to boil again. The 
cold water by condensing the steam in the flask decreases the impressed 
pressure. Thereby the water in the flask boils at a temperature lower 
than 212° F. But when sufficient vapor has been evolved in the flask to 
produce the vapor pressure which corresponds to the new lower tem- 
perature, the boiling ceases. This process of boiling and condensation 
may be repeated many times at successively lower temperatures, without 
reheating, by repeated water applications. 

Example. — Water in a steam boiler, under ordinary atmospheric 
pressure, or 14.7 lb. per sq. in,, boils (Table 318 or any steam table and 
Fig. 306) at 212° F. When the water has vaporized into steam until 



Fia. 311. — Pressure steam, cooker. (Boiling of the water in the tightly-closed 
vessel generates steam, which is not permitted to escape. The steam, increases the 
pressure within the vessel and thus raises the boiling point.) 


(Fig. 309) a pressure of 100 Ib. per sq. in. gage is attained, the boiling 
temperature is then, as shown by any steam table (Sec. 394) 328° F. 

Examples. — Water in an open vessel will boil on the top of a high 
mountain at a much lower temperature (Table 319 and Fig. 310) than at 
sea level. This is because of the lower atmospheric pressure (Sec. 9) 
at the high altitude. It requires a long time to cook eggs or vegetables 
by boiling on a high mountain top because of the low boiling tempera- 
tures at high elevations. This difficulty may be overcome by boiling 
the food in a closed vessel or in a pressure cooker (Fig. 311) whereby 
the boiling point of the contained liquid is raised by the self-generated 
internal pressure. 
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318. Table Showing Boiling Temperatures Of Water At 
Various Pressures. (From Marks and Davis’ Steam Tables.) 


“Pressure, in lb. per sq. in. 

Boiling tem- 
perature, in 
deg. Fahr. 

“Pressure, in lb. per 
sq. in. 

Boiling tem- 
perature, in 
deg. Fahr. 

Absolute 

Gage 

Absolute 

Gage 


— 13.7 

101.8 

100 

85.3 

327.8 

5 

— 9.7 

153.0 

150 

135.3 

358.5 

10 

— 4.7 

193.2 

200 

185,3 

i 381.9 

14.7 

0.0 

212.0 

250 

235.3 

401.1 

15 

0.3 

213.0 

300 

285.3 

417.5 

25 

10.3 

240. 1 

400 

385.3 

444.8 

50 

35.3 

281.0 

500 

485.3 

467.3 

75 

60.3 

307. 6 

600 

585.3 

486.6 


« Absolute Pressure = Gage Pressure «+• 14.7. Gage Pressure = Absolute Pressure — 
14.7. The equations are true only when the pressures are expressed in pounds per 
square inch. See Sec. 18 for equations and explanation- 


319. Table Showing Average Boiling Temperatnres Of 
Water At Various Altitudes Above Sea-level. It should be 
understood that, at any elevation, the barometric pressure 
varies from time to time. At all times, the actual boiling 
point of water is that corresponding to the atmospheric or 
barometric pressure and may be accurately found in any 
steam table (Sec. 394). 


Altitude, in feet 

Boiling 
tempera- 
ture, in 
degrees 
Fahrenheit 

1 

Altitude, in feet i 

Boiling 
tempera- 
ture, in 
' degrees 
Fahrenheit 

— 1,316 (Dead Sea) 

214 

4,130 

204 

— 505 

213 

5,185 

202 

0 (Sea level) 

212 

6,250 (Mt. Washington). . . 

200 

510 

211 

8.950 

195 

1 020 

210 

i 

11.720 1 

190 

1,545 

209 

15,650 (Mont Blanc) i 

i 184 

2.050 

208 

17,337 (Himalayas) 

i ISO 

3,085 

206 


i 

i 
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320. The Boiling Temperature Of A Liquid Which Holds 
Another Substance In Solution may be either above or below 
the boiling temperature of the pure liquid. If the dissolved 
substance is a solid, the boiling temperature will be higher 
than that of the pure liquid. But if the liquid holds a gas or a 
more volatile liquid in solution, the boiling temperature will 
be lower. 

Example. — When a quantity of water {A, Fig. 312) has dissolved 
(Table 321) as much salt as it can possibly hold in solution the boiling 



Fig. 312. — Illustrating the elevating 
effect of a dissolved solid on the boiling 
point of a liquid substance. 



Fio. 313. — Illustrating the de- 
pressing effect, of a dissolved gas, on 
the boiling point of a liquid sub- 
stance. (Steam bubbles only rise 
from the pure water whereas both 
steam and carbon dioxide bubbles 
rise from the solution.) 


temperature at atmospheric pressure of the resulting brine (.8, Fig. 312) 
will be about 227^^ F, When a quantity of water (C, Fig. 313) holds 
carbon-dioxide gas in solution, the boiling temperature of the solution 
(D, Fig. 313) will be less than 212° F. 
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321- Table Showing Boiling Temperattxre Of Brine At 
Different Degrees Of Saturation. — Computed from Smith- 
sonian TABIiES. 


Units by weight of salt to 100 units 
of water i 

Temperature, deg. Fabr. 

6.6 

1 

212 

12.4 

215.6 

17,2 

217.4 

21.5 

219.2 

25.5 

221 

33.5 

222.8 

40.7 

227.8 


322. The Latent Heat Of Vaporization is, generally speaking, 
the heat which is (Sec. 106) required to change a liquid at a 
given temperature into a vapor at the same temperature. 
A very great quantity of heat is necessary to effect vaporiza- 
tion although no temperature change occurs. Specifically: 
The latent heat of vaporization of a liquid is the number of 
B.t.u. (Table 323) which is absorbed and necessary — to change 
1 lb. of the liquid into vapor at the same temperature and pres- 
sure. (Refer to Sec. 289 for a discussion of latent heat of 
fusion which is a somewhat similar property.) See preceding 
explanation (Sec. 104) of how the heat expended in vapor- 
ization is largely employed in doing disgregation work — but 
some of the heat may also be expended in doing external 
work as is there explained. 

Example. — Consider a closed vessel (Pig. 314) whicli has an escape 
valve, V, so adjusted that any vapor generated within the vessel will 
pass out at precisely the requisite rate to preserve a constant absolute 
pressure (Sec. 15) within the vessel of 14.7 lb. per sq. in. This is equiva- 
lent to 0-0 lb. per sq. in. gage pressure (Sec. 16). Exactly the same condi- 
tions would obtain if the vessel were located at the sea level (Sec. 9) 
and were open to the atmosphere. 

Now, 1 lb. of water at 32° F. is placed in the vessel. It is heated with 
the spirit-lamp, L, flame. The mercury column in the thermometer will 
rise gradually until 180 B.t.u. — MN , Fig. 315 — of heat (vibration heat) 
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have been imparted to the liquid. The thermometer will then read 212° 
F. (Each B.t.u. will raise the temperature of the 1 lb. of water 1° F. 


lero Gaofe Pr^ssure-M. 7 Lb, per 
Absolute Pressure-., 

^'Escape 
{ Vo/Ive 



SteoiiTi At , ^ ' 

Atmospheric » ) 
f ^ ' Pressure ■> 7" 



'Mm O. Spint 


tlb^fer 





Hence, 180 B.t.u. will increase it by 180° F. 
Therefore, the resulting temperature will be 32 
-f 180 = 212° F.) This increase in temperature 



Fia. 314. — ^Vaporizing 
water under constant 


Fia. 315. — ^Illustrating latent Heat of vaporization 
of 1 lb. of water. 


pressure. 


is shown by A B in Fig. 315. The increase in temperature is due to 
vibration work (Sec. 97) which has been done by the heat on the water. 

When the water temperature attains 212° F. the imparted heat will 
commence to do disgregation work (Sec. 98) and the water will commence 
to boil — vaporize — ^because the boiling point of water at atmospheric 
pressure (14.7 lb. per sq. in.) is 212° F. Now as the lamp, L, continues 
to impart heat to the water, the heat will continue to do disgregation 
work and vaporization will continue. That is, steam will start forming 
when the water temperature first attains 212° F. and its formation will 
continue so long as heat (disgregation heat) is being imparted to the 
water. But while this vaporization ensues the temperature of the water 
will not rise above 212° F. (BC, Fig. 316) in spite of the fact that heat is 
being added continually to the water. The thermometer will stand 
stationary at the 212° mark until the water has been entirely changed 
into water vapor or steam. This is indicated by the line BC in Fig. 
315. There will be required, so repeated experiments show, 970.4 B.t.u. 
(ATO, Fig. 316) to change the 1 lb. of water at 212° into 1 lb. of steam at 
212°. 

The heat required (970.4 B.t.u. in this case) to change lib. of the liquid 
at boiling temperature into vapor at the same temperature is the latent 
heat of vaporization of the liquid. 

If the heating is continued, at the instant the last trace of the original 
1 lb. of water flashes into steam, the thermometer mercury will begin to 
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rise. The temperature rise wHl be due to the heat — ^vibration heat — 
which is absorbed by the steam and which will now manifest itself partly 
as vibration work (Sec. 97). That is, the steam becomes superheated 
(Sec. 356). 

Explanation. — iUthough the thermometer in Pig. 314 indicated no 
temperature rise while the vaporization was in progress, heat was, never- 
theless, being transmitted continually from the flame to the water. 
But the energy of this latent (Sec. 106) or apparently inactive heat was 
spent partly in the work of disintegrating the molecular structure of the 
liquid molecules and in building up the new vapor-molecule structure 
(disgregation work, Sec. 98) and partly in expanding the molecules 
against external forces — ^the atmospheric pressure in this case (external 
work, Sec. 99). Therefore, this latent heat resides in the vapor in the 
form of potential molecular energy. It is transformed into the potential 
energy (Sec. 25) of position which the vapor molecules possess by virtue 
of their increased distance from one another. This phenomenon is 
similar to that of latent heat of fusion (Sec. 289) and is present in the 
vaporization of all substances. 

Example. — BCow much heat will be required, at atmospheric pressure, 
to vaporize 10 lb. of mercury which is at a temperature of 40® F.? 

Solution, — From Table 314, the boiling or vaporizing temperature 
of mercury is 675® F. From Table 90, the average specific heat of mer- 
cury is 0.033. Therefore, the heat necessary to raise the temperature of 
the 10 lb. of mercury from 40® F. to its vaporizing temperature is: (675 
— 40) X 10 X 0.033 — 218.6 B.t.u. From Table 323, the latent heat of 
vaporization of mercury is 122 B.t.u. per lb. Therefore, to vaporize 
the 10 lb., there would be required: 10 X 122 = 1,220 B.t.u. Hence, 
the total heat necessary to raise the temperature and vaporize would be: 
218.6 4- 1,220 ~ 1,438.6 B.t.u. Note that the greatest part of the total 
heat is necessary to effect vaporization and that comparatively little is 
used in raising the temperature of the mercury to the vaporizing point. 

Example, — How much heat will be required to: (1) Convert into 
water, a 201.5-lb. block of ice which is at 29° F.; (2) Baise the temperature 
of the resulting water to the boiling point at atmospheric pressure; (3) 
Vaporize the water under atmospheric pressure? 

Solution. — In an example under Sec. 292 it is shown that 29,186 
B.t.u. are necessary to convert the 201.5 lb. of ice into water at 32° F., 
which is the melting temperature of ice. Now, from Table 90, the mean 
specific heat of water is 1.0. Also, from Table 314, the vaporizing tem- 
perature of water at atmospheric pressure is 212° F, Therefore, to raise 
the 201.5 lb, of water to the vaporizing temperature there would be 
required: (212 — 32) X 1.0 X 201.5 = 36,270 B.t.u. Since, the latent 
heat of vaporization of water at atmospheric pressure is (Table 323) 
970.4 B.t.u. per lb., to vaporize this 201.5 lb. of water, there would be 
necessary: 201.5 X 970.4 = 195,536 B.t.u. Then, the total heat 
expenditure for melting the ice, raising the temperature of the water and 
vaporizing it is: 29,186 -}- 36,270 195,536 — 260,992 B.t.u. 



296 


PRACTICAL HEAT 


[I>rv. 10 


Note. — The Lateistt Heat Of Vaporization Of A LiIquid Dimin- 
ishes As The Temperature Ano Pressure, Unoer Which The 
Vaporization Occurs, Increase. — It disappears entirely when (Sec. 
349) the critical temperature and pressure are reached. See the vapor 
tables in Div. 11 for values. 


323. Table Of Latent Heats Of Vaporization At Atmospheric 
Pressure. (Marks' MKCHAhriCAii Engineers' Handbook) 


Material 

Latent heat 
of vapori- 
zation, in 
B.t.u. per lb. 

Material 

Latent heat 
of vapori- 
zation, in 
B.t.u. per lb. 

Acetone 

233 

Hydrogen 

222 

Alcohol 

385 

Methyl chlorine. . 

175 

Aniline 

198 

Mercury 

122 

Benzol . 

169 

Nitrogen 

81.5 

Carbon bisulphide 

152.6 

Oxygen 

92 

Chlorine 

112 

Sulphur 

650 

Chloroform 

110 

Turpentine 

126 

Ether 

162 

Water 

970.4 


1 




324. The Latent Heat Of Steam is the latent heat of vapori- 
zation (as defined above) of water and is equal to 970.4 B.t.u. 
at atmospheric pressure — 14.7 lb. per sq. in. absolute — and 
the corresponding temperature of 212® F. See steam table 
394 for other temperatures and pressures. 

326. The Latent Heat Of Vaporization May Be Divided 
Into Two Parts : (1) External latent heat of vaporization. 
(2) Internal latent heat of vaporization. Both are defined 
below. Both of these latent heats are stored in the vapor 
and are given out when the vapor is condensed under the same 
external conditions as those under which it was vaporized. 
Values for these two heats, for the common vapors, are given 
in the tables in Div. 11. Thus: 

(241) L = L^ + Lz (B.t.u. per lb.) 

Wherein: L = latent heat of vaporization, that is, the total 
latent heat of vaporization, in British thermal units per pound. 
L^ = external latent heat of vaporization, in British thermal 
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units per pound. Lj = internal latent heat of vaporization, 
in British thermal units per pound. 

326. The Internal Latent Heat Of Vaporization, Lj, is the 
disgregation heat which must be added to the liquid to vaporize 
it, or which is given up by the vapor when it is liquefied. It 
is the heat energy which is expended in the internal work of 
overcoming the molecular cohesion of the liquid molecules 
which is necessary to change them into vapor molecules. 
It is the increase in internal heat energy which accompanies 
vaporization. As is shown by the values in the tables of 
vapor properties in Div. 11, the internal latent heat of vapori- 
zation decreases as the temperature, at which the vaporization 
occurs, increases. This is because the higher the temperature 
the more rapidly the molecules will be vibrating and the 
further they will be apart; hence, less heat will be required to 
disgregate into a vapor a liquid at a high temperature than will 
be required for a liquid at a low temperature. 

327. The External Latent Heat Of Vaporization, L^, is 
the external’-wor'k heat which must be added to the liquid to 
vaporize it or which is given up by the vapor when it is lique- 
fied. It is the heat energy which must be expended in over- 
coming the resistance of external forces to the increase of 
volume of a liquid substance, which is incident to its vaporiza- 
tion. It is equivalent to the mechanical work done by the 
substance in expanding from the liquid state to the vapor 
condition of the gaseous state. See explanation below. 

Explanation. — Consider a cylinder (Fig. 316) which has an internal 
sectional area of 1 sq. ft. and which is somewhat over 26.8 ft. high. 
The cylinder stands open in the atmosphere — which imposes on it an 
absolute pressure of 14.7 lb. per sq. in. Suppose that 1 lb. of water 
at a temperature of 212*^ F. is placed in the cylinder, as at I, Now 
add heat and vaporize this 1 lb. of water. Experiment will show (see 
Steam Table 394 in Biv. 11), that it will require 970.4 B t.u. (the latent 
heat of vaporization) to vaporize the 1 lb. of water at 212° F. into steam 
at 212° F. Now, the steam thus formed will, so experiment shows, force 
the air out of the cylinder I against the atmospheric pressure of 14.7 lb. 
per sq. in. (2,117 lb. per sq. ft.) and will exactly fill the cylinder — as in 
Fig. 316-/7 — which has a volume of 26.8 cu. ft. 

The external work done, by the expansion of the water into steam, 
under atmospheric pressure, will be: Force X Distance 2,117 X 26.8 = 
56,376 Now, this external work done by the steam in expanding 
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accounts for only a small part of the total latent heat of 970.4 B.t.u. 
which was expended in changing the liquid into a vapor. Thus: 56,736 
778 = 72.8 BJ,u. — external latent heat of vaporization. The 



I-Wo(ter Being Voiporizcol lE-Vcxporixcsition ComnpAe+ec* H-Stcwm Re-Condcnseoi 
Fi< 3. 316. — Showing external latent heat of vaporization converted into mechanical work. 

remainder: 970.4 — 72,8 = 897.6 B.t.u. = internal latent heat of vaporiza* 
tion and is heat which was expended in disgregation work. 

The external work done by the vaporization might be recovered if, 
(Fig- 316-J/) a tight piston P is inserted in the cylinder and the 1 lb. of 
steam be cooled so that it will contract (condense) back into 1 lb. of 
water at 212® F. as at III — Fig. 316. Then the atmospheric pressure 
would force P down, lifting TF.i W, which weighs 2,117 lb., would be 
lifted 26.8 ft., because 2,117 X 26.8 = 56,736 ft.-lb.; all friction losses 
are here neglected. Thus the external work done during the vaporiza- 
tion would be recovered- This is one of the principles the application of 
which renders useful a condenser (Sec. 513) on a steam engine or turbine. 

328. When. A Liquid Is Vaporized, The Latent Heat Of 
Vaporization Required Therefor Is Abstracted From Sur- 
rounding Objects. — Thus vaporization is, in reality, a cooling 
process. The heat thus required may be taken from the 
dame of a lamp (Fig. 307) or from the flame of a coal fire under 
a steam boiler. Or, as explained in preceding Sec. 300, the 
heat may be drawn from the liquid itself, thereby cooling the 
liquid. This principle is utilized practically in a number of 
useful ways, the most important of which have been mentioned 
in Sec. 293. 
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329. When A Vapor Condenses, Its Latent Heat Of Vapori- 
zation Is Given Up To Surrounding Objects. — Condensation 
is defined and discussed briefly in preceding Sec. 162. Thus, 
when 1 lb. of vapor is condensed due either to increased pres- 
sure or decreased temperature or both, it releases the number 
of B.t.u. (Sec. 322) which is equivalent to its latent heat of 
vaporization. With a given pressure, condensation takes 
place at the same temperature at which vaporization occurs. 

Example. — The heat given out (Fig. 317) by a steam-heating system 
(Div. 17) is almost wholly heat which is released by the condensation 
of steam in the radiators and then transmitted through their walls to 
warm the air of the room. 

Example. In condensers for steam power plants and other services, 
the steam or vapor is condensed by cooling it, usually with cold water. 
The latent heat of vaporization thus released is absorbed by the cooling 
water and raises its temperature. 

Example. — Closed tank K in Fig. 318 is of such size that it will contain 
exactly 1 lb. of steam at 0.0 lb. per sq. in. gage pressure — or 14.7 lb. per 
sq. in. absolute pressure. That is, it will contain 1 lb. of steam at atmos- 
pheric pressure. The tank is fitted with an 
automatic air-inlet valve, B, or vacuum 
beaker which opens to the atmosphere at 
the precise instant necessary to prevent 


'''-'Steam H<z>at}Tn^ RaoHator 
Fia. 317. — Showing Heating with steam radiator Fig. 31S.— Condensing steam 

through latent heat of vaporization. 8>t a constant pressure- 

formation of a partial vacuum by condensation of the steam. Thereby, 
the pressure within K. is prevented from falling below 14.7 lb, per sq. in- 
Now, 1 lb- of steam is admitted to K, The temperature T, of this 
steam, as shown by the steam table, is 212° F. The steam begins to cool- 
It gives up heat to surrounding objects as indicated by AB in Fig. 319- 
Immediately some of the steam condenses to water at 212° F. But the 
temperature of the remaining steam stays constant, as indicated by 
line AJ5, until 970.4 B.t.u. has been given upt The latent heat of steam 
at atmospheric pressure is 970.4 B.t.u. The remainder of the steam 
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condenses gradually. Wlien exactly 970.4 B.t.u. have been given up, all 
of the steam will have condensed to water. 

If heat be further abstracted from the water (BC, Fig. 319), its tem- 
perature will be decreased correspondingly. When 180 B.t.u. have been 



icb zyo ^ 400 5co eoo tco c:c ' 9do icco' ‘ 
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Fiq. 319. — Illustrating latent-heat phenomenon in condensation of 1 lb. of steam. 

abstracted, the temperature of the water will then be 32® F. This 
condensation process is just the reverse of the vaporization process 
which is described in connection with Pigs. 314 and 315. 

330 , Atmospheric Air Contains oxygen, nitrogen, a little 
carbon dioxide, traces of other rare gases, and water vapor. 
The air is, therefore, a mixture of gases and water vapor. 
The water vapor is in the air principally as the result of evapora- 
tion from the surfaces of rivers, lakes, ponds, and from moist'' 
objects. The water vapor in the air is not, usually, in the 
saturated state. That is, the air can usually be cooled or 
compressed somewhat before the moisture (water vapor) in 
it is condensed. The term humidity is used to describe the 
condition of air which contains water vapor; see following 
section. 

331 . Atmospheric Humidity may be expressed in two differ- 
ent ways : (1) The absolute humidity (Table 332) which expresses 
the total weight of water vapor in a unit volume of air. (2) 
The relative humidity ^ which expresses the ratio which exists 
between the weight of vapor actually present in a unit volume 
of air to the weight that would be present if the vapor were 
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saturated at its actual temperature. THs ratio is coirunoiily 
denoted as a percentage of complete saturation. 

332. Table Showing Absolute Humidities Or The Weights, In 
Grains Per Cubic Foot, Corresponding To Different Tempera- 
tures And Percentages Of Relative Huroidity Of Ac[ueous 
Vapor In Atmospheric Air. 


Air tempera- 
ture* in deg. 


Percentage of relative humidity 


Fahr. 

10 % 

20 % 

30 % 

40 % 

50 % 

—20 

0.017 

0, 033 

0.050 

.0661 

0.0S3i 

— 10 

0.028 

0, 057 

0 086 

. 114 ! 

0. 142 

0 

0.048 

[0, 096 

0 144 

.1921 

0,240 

10 

0.078 

0. 155 

0 233 

0,310 

0.3SS 

20 

0.124 

0 247 

0 370 

0.494 

0.618 


0.194 

0.3S7i 

0.580 

i 0.774 

968i 

40 

0.285 

0.570 

|0.855 

140 

4241 

50 

0.408 

0.815 

.223 

j ,630 

038 

60 

0.674 

149 

.724 


.872 

70 

0.798 

59612.394 

I92j .990 

80 

1.093 

2. 187 

|3.2S0 

.374 

.467 

90 

1.479 

2. 958 

14.437 

.916 

1 .395 

100 

1.977 

3.953 

.930 

.906 

.883 

110 

2.611 

jS. 22217. S34!l0.445j 13. 056 


60 % 70 ' 


O.lOOi 
0. 171 
0.2S9 
466 
741 

161 

709 

446! 

447 

7S8i 


353 

.836 


so % ! 90 % I lOO % 


0.116 

0.200 

0.337 

0.543 

0.864 

354| 

9941 

853| 

022 

,5861 


0. 133i 
0.22Si 
0.385| 

0. 621i 

0.98Sl 

1.54Sj 
2.279 
3.261 
4 596| 
6.384 


149j 0.166 
2561 0.285 
433 j 0.481 
69S| 0.776 
1121 1.235 


742 
564 
.668 
.170 
. 182 


1.935 

2.849 

4.076 

5.745 

7.980 


S.747i 841 1 10. 934 

11.S32|13 31ljl4.790 
IS.SlsilT ,789 1 19.766 
20. S90i23 .501:26.112 


Note. — The above table is an abstract from Psychrometric Tajbles 
by C. P. Marvin, published by the U. S. Weather Bureau, Washington, 
D. C., as Bulletin No. 235. 

333. Humidity Of The Atmosphere is that condition of 
atmospheric air wherein it is more or less permeated with water 
vapor. Humidity is a universal and necessary attribute of 
the earths’ atmosphere. Atmospheric air in one locality may 
be many times less humid — contain less water vapor — than 
in another. But nowhere will it be found entirely wnthout 
water vapor.. The humidity varies with the temperature. 
The cool air at the summit of a mountain is, generally, much 
less humid than the comparatively warm air in the valley at 
the mountain’s base. 

Note. — Existence Of A Proper Amount Op Water Vapor In The 
Atmosphere Is Essential to comfortable and hygienic living conditions, 
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both for plants and animals. For human beings, too much humidity 
is about as uncomfortable as too little. When the humidity is too low, 
one experiences a dry parched feeling. "When it is too great, the sticky’' 
sensation, which occurs on damp hot days, is felt. In winter when the 
natural humidity within buildings is low due to the low humidity out of 

,--P/be7& HuYni<}(osfcif 


Fia. 320. Fig. 321. 

Fig. 320. — Cross section showing humidifying apparatus, or “humidifier,” in air 
duct of ventilating system. (When the humidity becomes low, the humidostat, which 
is located in a room above, admits air pressure to diaphragm- valve A, thus opening 
steam valve, S.) 

Fig. 321. — Elementary air drier for blast furnace. (Ammonia is compressed in A, 
condensed in C, and allowed to expand into B. Brine is circulated through B and J*. 
Air is sucked by F through tT, wherein it is cooled below the dew point, and the condensed 
vapor is removed, as water, by baffles.) 

doors and the drying effect of the heating systems, the deficiency may be 
supplied (Fig. 320) by a humidifier. In certain manufacturing processes 
a definite humidity is quite necessary. A suitably-designed humidifier 
will provide it. In other processes, for which dry air is required, the 
moisture may be removed by a dehumidifier^ or air drier (Fig. 321). 

334- Relative Humidities May Be Determined By Means Of 
The Sling Psychrometer (Fig. 322) or wet-and- dry-bulb 
thermometer. The utility of this instrument is based upon 
the principle (Sec. 300) of cooling by evaporation. Evapora- 
tion of moisture from the muslin cloth which envelopes the 
bulb of thermometer A produces a cooling effect thereof which 
causes thermometer A to give a lower reading than thermometer 
B, the bulb of which is exposed directly to the air. 

Explajs-ation. — The muslin which envelopes the wet bulb (Fig. 322) 
is thoroughly saturated with water. The sling psychrometer is then 
whirled rapidly through the air for about one minute. This is to insure a 
rapid penetration of air among the fibers of the cloth around the wet 
bulb. 

The difference between the indications of thermometers A and B is then 
noted. The one with the wet bulb will, generally, show a lower reading 
than the one with the dry bulb. This is due to the fact that, in general, 
the vapor in atmospheric air is not saturated. When there is no differ- 
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ence between tbe readings of thermometers A and B, the water vapor 
which is intermingled with the air is fully saturated. 

The psychrometer is based on the law of evaporation (See. 
298) that the rate of evaporation is greater into dry air than 
into air which contains vapor. The whirling of the ther- 
mometers causes the water on the wet bulb to evaporate 



Fig. 322, — sling psychrometer. 

rapidly. The evaporation cools (Sec. 30Q) the thermometer 
and the water around its bulb. Evaporation and cooling 
continue until the water is cooled to the temperature at which 
its vapor pressure is just suJB&cient to keep driving off vapor 
molecules at a constant rate. 

Now it can be shown that the relative humidity of the air is a function 
of the temperature-difference indicated by the wet- and dry-bulb ther- 
mometers of a sling psychrometer. Hence, when the temperature- 
differences are known, the corresponding relative humidities may be 
determined by consulting Table 335. 

Example.— Suppose that air at a temperature of 70° F. is drawn into a 
building through the ventilating ducts. Also, suppose that a humidity 
test, made with a sling psychrometer (Fig. 322), shows a temperature 
difference, between thermometers A and IB, of 17° F. Then, by Table 
335, the relative humidity is 30 per cent. This value is found in the 
same horizontal row with 70, which is the given air-temperature, and in 
the same vertical row with 17, which is the given psychrometer-difference. 
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335. Table Showing Relative Humidities, In Per Cent 
Coffesponding To Various Wet- And Dry-bulb Temperature 

Differences (accurate for an atmospheric pressure of 14.25 
lb. persq. in. == 29-in. barometer). 


Air temperature, in deg. 
Fahr. 


Temperature-difference, in degrees Fahrenheit, 
between wet- and dry-bulb thermometers 


lOjll 12 13 14 15 16 17 1S|10|20 


32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

62 

64 

66 

68 

70 

72 

74 

76 

78 

80 

82 

84 

86 

88 

90 

92 

94 


100 

102 

104 

106 


90 
'90l8 
(91 

91 

92|84 

92 85 77l7t 


44(3. 


93 (a 

92 

[93|8^ 

'94188 

88 

88 

89 

94(89 

89 

90 
90 

90 
>5|90 

91 
91 

91 
'6|91 
>61911 

92 
92 
92| 
921 

92 


7: 64 
'72i 


3001 

4|90| 


68(63 

39 


'8(73 


13 

isi 

23 

27 

31 

34 

37 

40| 

42I 

44| 

461 

|48, 

50| 

52 

53 
55| 
561 

58 

59 

60 
61 
62 


63 

64 

64 

65 

66 
37 

37 

38 

39 i 
39 

ro| 

ro 

ri 

a 

'2 


4 

9 

14 
19 
23 
28 1 
31 
34 
36 
39 
|41 
43 
45( 
4' 

49 

50 

52 

53 

55 

56 

57 
58; 

59 

60 
61 
62 
63 


33 28 

36 30 


3S 

40 

!42 

44 

46 

48 

49 

51 

52 

53 

54 

55 
57 

57 

58 

59 

60 
61 
62 
62 

63 

64 

64 

65 

65 

66 
66 


33 

35 

38 

40 j 

41 
43 
45i 

47 

48 

49 

51 

52 

53 

54] 

55 

50 

57 

58 

59 

59 

60 
61 
61 
62 
63 

63 

64 


12 

le 

19 

22 

25 

28 

31 

33 

35 

37 

39 

41 

43 

44 

46 

47 

48 

50 

51 

52 

53 

54 i 

55 

56 

57 

57 

58 

59 

59 

60 
61 
61 


12 

|27|22|18|14| 

29 


21 

|30|26|23|20 

28 25(22 
30 
32 1 



T^le Is An Abstract From Psychrometric 
TABEEi= by a P. Marvin, published by the U. S. Weather Bureau, 
Washington, D. C,, as Bulletin No. 235 , 
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336. Relative-humidity Determinations Are Of Much 
Practical Importance. — Forecasts of probable rain or frost 
are based by weather-bureau experts on relative-humidity 
observations. In many greenhouses the humidity is mea- 
sured regularly. It is then systematically maintained at 
such values that the plants will thrive. In industrial, office, 
amusement, hospital, and residence buildings measurement 
and control of humidity may be desirable or necessary. In 
such buildings, the relative humidity should be about 50 
to 60 per cent. In certain industrial operations lower or 
higher relative humidities are frequently necessary and are 
maintained. 

337. Low Relative Humidity In Inhabitated Buildings 
Causes Colds And Wastes Fuel. — ^^Dry'' air affects the 
respiratory organs adversely. Also, when the air is '^dry'^ 
the evaporation of perspiration is rapid. The skin is cooled 
accordingly. Hence, with two rooms at the same tempera- 
ture, a person will feel much warmer in the one wherein the 
humidity is high than in the one in which it is low. The fuel 
waste thus due to low interior humidities is estimated to 
be from 12 to 25 per cent. 

Note. — Mielikan Ani> Gale State that ‘‘The average home that is 
heated to 72° F. by steam or hot water is estimated hy health authorities 
to have a relative humidity of 30 per cent. With hot-air heating, it may- 
be 25 per cent. This is less than the average humidity of extensive 
desert regions. 

338. A Psychrometric Chart (Fig. 323) provides a means 
for determining graphically the relative and absolute humidi- 
ties of atmospheric air and for solving many problems is air 
conditioning — that is, in regulating the temperature and 
humidity of the air. 

Example. — If, in a room, the wet-bulb and dry-bulb temperatures are, 
respectively, 74 and 85° F., what are the relative and absolute humidities? 
SoLTJTioisr. — Following vertically upward from the dry-bulb temperature 
of 85° F. to the inclined line representing a wet-bulb temperature of 74° F. 
the relative humidity is found to be 60 p&n' cent. Also, following upward 
from 85° F., mark on the lower scale to the curve F and then horizontally 
to the left to the scale F, it is found that saturated water vapor at 85° F. 
weighs 12.7 grains per cu. ft. Hence, the water vapor in air of 60 per 
cent, relative humidity at 85° F. will weigh: 0.60 X 12.7 =7.6 grains 
per cu, ft, 

20 
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339. Dew, Rain, Hail, Frost, Sleet, Snow, Fog, And Clouds 
Are All The Result Of Condensation Of Moisture In The 
Atmosphere (the moisture or aqueous vapor is that produced 
by evaporation, Sec. 296). Which of these phenomena results 
is, as will be described, determined by the specific conditions 
under which the condensation occurs. 

340. The Dew Point is the temperature at which the water 
vapor in the atmosphere becomes saturated (Sec. 305) and 
will condense or deposit as drops of water or dew. 

Note. — Thee Dew Point Will Be Different For Different 
Absolute Humidities. — The greater the humidity the higher the dew 
point. The relative humidity at the dew point is always 100 per cent. 
As the temperature of atmosphere at 100 per cent, relative humidity 
decreases, there will be a certain condensation — ^production of dew — ^for 
each degree temperature decrease. But even if the air temperature is 
decreased to 32° F. — the freezing point of water — some moisture will 
remain in the air. 

341. Dew is formed when — at night — ^the temperature of a 
thin layer of atmosphere, which lies close to the earth surface, 
falls to the dew point. After the sun sets, the earth’s surface 
and the objects on it lose heat by radiation. Thereby they 
are cooled to a temperature lower than that of the main body 
of the atmosphere, which cools more slowly. But the tempera- 
ture of the relatively thin stratum of atmosphere (air and 
water vapor) immediately adjacent to the cooled earth’s 
surface and to the objects on it — such as plants, stones, and 
earth — is reduced to the dew-point or somewhat below. 
Thereby dew is formed and deposited on the objects. 

Note. — Sweating Occurs When Water Vapor Condenses on a 
cool surface which has reduced the temperature of the vapor to the 
dew point, Examples are the sweating of cold-water pipes in a warm 

Fig. 323. — ^Psychrometric chart (Barometric pressure — 29.92 in. mercury column — 
reproduced by permission from the Carrier Engineering Corporation, Newark, N, J.) 
All temperatures are in degrees Fahrenheit. Dry bulb temperatures are represented by 
vertical lines with values indicated on lower edge of chart. Wet hvZb temperatures are 
represented by oblique straight lines with values indicated on the lines. Dew point 
temperatures are represented by horizontal lines and their values indicated at the right. 
Percentages of relative humidity are represented by converging curved lines with values 
indicated between the oblique straight lines for 63° and 64° wet bulb temperature- 
A.7iy two of the above properties may be found if the other two are known. First, find the 
point of intersection of the lines representing the given properties, and then follow 
through this point, the lines representing the unknown properties, and the values of the 
latter can be read from their respective scales. 
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humid room and that of the inner surfaces of window panes when it is 
warm and humid inside and cold outside. Essentially, sweating is a dew 
formation. Sweating can he pr&}}ented by causing a rapid circulation of air 
about the surface upon sweating tends to occur — ^the removal of the air 
(and vapor) from the cold surface is thus effected before its temperature 
has a chance to be cooled to the dew point. Sweating may also be 
prevented by covering the surface which tends to ''sweat'' with a heat- 
insulating (Sec. 114) material. This heat insulator will prevent the 
rapid transfer of heat from the warm vapor to the cool surface and thus 
minimize sweating. 

342. Frost is formed if the condensation, as described under 

occurs upon a surface the temperature of which is 
lower than the freezing point of water. Windows become 
frosted’^ in winter, when the outside temperature is con- 
siderably below the freezing point of water. It may be 
prevented just as is sweating (see preceding note). 

343. Fog results if the cooling effect of the earth^s surface 
(see 'Mew’^ above) is sufficient to decrease to the dew point 
the temperature of a rather thick stratum of atmosphere which 
lies adjacent to the earth. The water vapor in the atmosphere 
then condenses on the dust particles which are suspended 
therein and forms a fog. 

344. Clouds result when, at a considerable distance above 
the earth^s surface, the temperature of a body of water vapor 
in the atmosphere is decreased to the dew point. This may 
occur when a current of warm air passes into a cold upper 
region: The water vapor condenses around suspended dust 
particles and forms clouds. 

Note. — Rain is formed (Millikan and Gale) if the cooling is sufficient 
to free a considerable amount of moisture. Then the drops become large 
and fall. If this falling rain freezes before it reaches the ground, it is 
called sleet. If the temperature at which condensation begins is below 
freezing, the condensing moisture forms into snowflakes (Pig. 324). 
When the violent air currents which accompany thunder-storms carry 
the condensed moisture up and down several times through alternate 
regions of snow and rain, hailstones are formed. 

345. Distillation is the process of separating the more vola- 
tile parts of a substance, from those less volatile, by vaporizing 
and subsequently condensing. For a liquid, it is done (Fig. 
325) by first boiling the solution, B, and then condensing the 
resulting vapor in a separate vessel, C. By this means a 
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liquid may be freed from whatever solid substances (which do 
not vaporize at all) it may hold in solution. Or it may be 
freed from those liquid substances which vaporize at different 
temperatures (see fractional distillation, Sec. 346). 



Q. 324. — ^Snow-flake crystals- 



Example. — The water which is fed to a steam boiler usually holds 
mineral substances in solution. The water is vaporized by boiling. It 
is thus freed from the mineral substances. The water, in the form of 
steam, is conveyed from the boiler. The mineral substances, in the form 
of scale (Sec. 174), remain behind. The steam may be condensed in the 
radiators of a heating system. Then, provided there were no gaseous. 
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nor highly volatile liquid, substances in the solution which was fed to 
the boiler, pure water will be drained from the radiators. Thus the 
process of distillation will be completed. 

Note. — Wheit Bkiiste Or Saet-water Is Boieeu, The Besttltinq 
Steam Contains No Salt. — Similarly, with mai^ other liquid solutions, 
the vapor arising from the solution is free from the solid substances 
which were dissolved in the liquid. 

346. Fractional Distillation is the process of separating 
different liquid substances which have different boiling 
temperatures, from one another. When both or several of the 
liquid constituents of a solution are volatile, the vapors of both 
or of all will each issue from the solution at its boiling tempera- 
ture. (The boiling temperature of a solution of two or more 
liquids usually lies between the highest and the lowest boiling 
temperatures of any of the component liquids although it 
sometimes lies below that of either constituent.) But, the 
liquid which has the lower boiling temperature will supply 
most of the vapor. Hence by a prolonged distillation at gradu- 
ally increasing temperatures different volatile liquids may 
usually be separated from the same solution. 

Explanation. — The liquid which has the lower boiling point will 
predominate in the ensuing vapor. Thus, its concentration in the 
remaining liquid will gradually decrease and the remaining liquid in the 
boiler will gradually assume a higher boiling point. The first vapor that 
comes off will, when condensed, provide a solution which has a greater 
concentration of the more volatile liquid, than had the original solution. 
As the boiling point increases, less and less of the more volatile liquid is 
evaporated and condensed. Finally, a point is reached where the com- 
position of the condensing vapor (if but two liquids were present in the 
original solution) becomes about the same as that of the original solution. 
At this point the distillation is either stopped or the distillate (condensed 
vapor) is led into a difierent vessel than was used up to this point. If a 
greater concentration of the more volatile liquid (than the first distilla- 
tion provides) is desired, the first distillate is again subjected to a second 
distillation. In this way, by successive distillations, a product of almost 
any desired concentration may be effected. 

Example. — Fractional Distillation Of Crude Oil Provides The 
Various Petroleum Products (Fig. 326) such as naphtha, benzine, 
gasoline, kerosene, and the lubricating oils. The crude oil is first heated 
to a relatively low temperature which vaporizes the more- volatile prod- 
ucts. These are condensed. The boiling point of the liquid which 
remains in the still gradually rises as these more volatile products are 
driven off as vapors. At a certain temperature, the distillate is piped to 
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a second receiver. Here the components of the next less volatility" are 
collected. As the boiling point reaches a certain second value, the dis- 
tillate is led to a third receiver and so on until all of the ^'fractions'" 
have been separated. Each of these products or fractions is still a mix- 


Fig. 326. — ^Elementary petroleum still. 
(Crude oil is charged into <S, and heated by 
coke fire fed at G. The vapor rises through 
V" into F. In this JractioTiating column^ F, 
the vapors of the liquids of the higher bailing 
temperatures (which unavoidably are 
vaporized and pass over with the liquids of 
the lower boiling temperature) are partially 
condensed. The partially condensed liquids 
are then, in intercepted by the bafiSes and 
thereby caused to flow back into the stall 
— ^instead of passing over into the condenser 
with the more volatile vapors. The vapors 
are condensed in C and flow into jR. The 
various fractions are separated by valves, Vi, 
Fa, etc. according to temperature indicated 
by T. The distillate is run off through pipes 
D. The hot base — asphalt, eto.^ — ^is allowed 
to solidify in barrels at J..) 
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ture but eacb is composed mainly of compounds all having nearly the 
same boiling point. Some of the products are petroleum ether, gasoline, 
naphtha, benzine, kerosene, and heavier oils. At some stage, the residual 
oil is chilled and then crystallizes partly into flakes (either paraffin or 
asphalt) which, except for the filtration of paraffin, are not further 

treated. Certain crude oils give a 
paraffin residue and others an asphalt 
residue. 

347. Destruction Distillation 
is distillation of the volatile 
components of solid substances, 
as wood, coaly hone. It results 
from a process of decomposition 
(Sec. 155). The substances are 
decomposed (Fig, 327) in closed 
vessels, by application of heat. 
The volatile ingredients are thus 
vaporized. The vapors resulting 
from different temperatures are 
conveyed to separate vessels 






'C^orn/dii Ard Nofp-rns/.'ine 
5zrvnA:e^s 

Fia. 327. — Diagram of elementary 
by-product coke plant. (The gas and 
other products given off by the coking 
operation in O are drawn, by through 
C. Tar is removed in T and naphth- 
aline and cyanides in iV. Ammonia 
is removed in A. after cooling in M and 
the gas goes through P to storage 
holder. ) 


wherein they are condensed. The non-volatile ingredients 
remain in the heating vessel as a semi-liquid or solid 
residuum. 
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348. All Gases May Be Liquefied If Subjected To SufloL- 
ciently Low Temperature And High Pressure. — If any vapor 
be compressed until its pressure is equal to its saturation 
pressure at the then existing temperature, the vapor will be 
condensed — -that is, it will be liquefied. Again, if the tem- 
perature of a vapor be decreased until its temperature equals 
the saturation temperature at the then-existing pressure, the 
vapor will be liquefied. Or the pressure may be increased 
and the temperature decreased simultaneously until satura- 
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Fia. 328. — Illustrating the critical conditions for water. (According to the later 
steam tables, the critical temperature and pressure for water are 706. 1°F, and 3,200 lb. 
per sq. in. ahs.) 


tion and consequent liquefaction occurs. There is, however, a 
certain temperature for every vapor, above which it cannot be 
liquefied (Sec. 349). Since (Sec. 225) every gas is, at certain 
temperatures, a vapor, these same laws hold for all gases. 



Sec. 349] 


VAPORIZATION 


313 


Note. ^ A Permanent Gas was defined by Faraday as one wbicb 
resisted liquefaction* Since be liquefied all kinown gases except bydrogen, 
nitrogen, oxygen, carbon monoxide and methane, these five were formerly 
called the permanent gases. Put since then, all known gases have been 
liquefied. Hence, strictly speaking, there is no such thing as a permanent 
gas. Sometimes the term is loosely and incorrectly used to designate 
gases (such as the five mentioned above) which can only be liquefied 
at extremely low temperatures. 


349. The Critical Temperature Of A Substance is that 
temperature above which it cannot exist as a liquid (Figs. 328 
and 329). There is a certain critical temperature for each ele- 
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Fig. 329. — Illustrating tlae critical conditions for ammonia. 


ment and compound; see Table 350. Above its critical tem- 
perature, no pressure (regardless of how great it is) will liquefy 
a substance. The pressure of a saturated vapor (Sec, 308) at 
its critical temperature is called its critical pressure. Hence, 
its critical pressure is the lowest pressure at which a substance 
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can exist in the liquid state when it is at its critical temperature. 
The critical density of a substance is its density at its critical 
temperature and critical pressure. The critical density of 
a substance is the same whether it is in the liquid or gaseous 
state. 

Note. — The Chiticali Temperature Of A Substance may also be 
defined as that temperature above which the substance, when in its gase- 
ous state, cannot be liquefied by pressure alone. Below its critical 
temperature the substance can be liquefied by pressure only. 

Note. — Existence of any two of the three critical conditions: pressure, 
temperature, and density is contingent on the simultaneous existence of 
the third. 

Examples. — There can be no such thing as liquid air above its critical 
temperature which is —220® F. (220 degrees below zero). There can be 
no such thing as liquid water above the critical temperature of steam 
which is 706® F. (Table 394). 

Example. — If it is desired to change the state (Sec. 49) of gaseous air 
to liquid air, the first step is to subject it to a pressure of about (see 
Table 350) 585 lb. per sq. in. abs. Next, while the air is subjected to this 
pressure, it must be cooled to somewhat below its critical temperature of 
— 220® F. Then it will be converted into liquid air. If its temperature 
exceeds —220® F., no pressure, however great, will liquefy it. If the 
temperature is less than —220° F., a pressure correspondingly less than 
585 lb. per sq. in. abs. will cause liquefication. 

Example. — Consider a quantity of water which is confined in a closed 
vessel. The vessel is heated. Thereby some of the water is vaporized. 
As additional heat is imparted and more of the water vaporized, the pres- 
sure within the vessel increases. This increases the density of the vapor. 
But as the temperature rises, the density of the water diminishes (Sec. 
205). Ultimately a temperature and pressure will be reached at which 
the density of the steam will be equal to that of the water. This tem- 
perature and pressure are, approximately, 706° F. and 3,200 lb. per sq. 
in. abs. (Marks and Davis^ Steam Tables), When this condition has 
developed, any further addition of heat will change all the water into 
steam since the water has then no latent heat of vaporization. A slight 
loss in heat will then result in instantaneous condensation of a consider- 
able quantity of water. 

Example. — If approximately equal volumes of liquid carbon dioxide 
and its saturated vapor are sealed (Fig. 330) in a heavy- walled glass tube, 
it may be easily heated above the critical temperature of carbon dioxide 
(88° F.) in warm water. As the temperature of the water approaches 
88® F., the meniscus, A, or dividing line between the liquid and the vapor 
will give way to a foggy appearance at the point, B, At the instant that 
the critical temperature is passed, the tube will be full of gas only and 
will appear to be empty. 
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ISTote- — The Ease With Which The CmTiCAii XEMi»ERATtrRE Op 
A Gab Mat Be Attained Largely Determines The Facilitt With 
Which The Gas May Be Liquefied. — The vapors of many substances 
such, as: water, alcohol, ether, ammonia, and carbon dioxide may be 



It-Trcinslt\on JSrGots 

Fig. 330.- — Showing vaporization of carbon dLiosdde at critical temperatiire and. presasxire- 

readily liquejaed since temperatures (Table 350) well below their critical 
temperatures can readily be obtained. But liquefaction of certain gase- 
ous substances such as air, carbon monoxide, and hydrogen is accom- 
plished only with considerable difficulty. The reason is that the critical 
temperatures of these gases are (Table 350) extremely low and therefore 
difficult to obtain. 
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360. Table Showing Critical Temperatures and Pressures 
Of Various Substances. (From Marks’ Mechanical 
Engineers’ Handbook.) 




Critical 

pressure 

Boiling 


Critical 



temperature 

Substance 

tempera- 



of liquid at 

ture, deg. 


In 

atmospheric 


Fahr. 

atmos- 

lb. per 

pressure, 



pheres 

sq. in. 

deg. Fahr. 


Acetylene (C 2 H 2 ) . . . 

95. 

68.0 

1,000 

-117.4 

Air 

-220. 

39.0 

573 


Alcohol (GiHflO) .... 

421. 

65.0 

956 

172.4 

Ammonia (NH 3 ) .... 

266. 

115.0 

1,691 

- 27.4 

Benzol (CsHe) 

554. 

50.0 

735 

176.0 

Bromine 

512, 



142.0 

Carbon dioxide 

88. 

77.0 

1,132 

-110.0 

Carbon monoxide . . . 

-222. 

35,9 

528 

-310.0 

Carbon disulphide . . 

468. 

78.1 

1,148 

115.0 

Chloroform 

500 

54.9 

807 

141.0 

Chlorine 

289, 

92.0 

1,352 

- 27.4 

Ether (C 4 H 10 O).... 

381 

37.0 

544 

95.0 

Ethane 

31, 

45.2 

665 

-135.0 

Ethylene 

50, 

54.0 

794 

-157.0 

Helium 

-448, 

3.0 

44. 

-450.4 

Hydrogen 

-402 

20.0 

294 

-423.0 

Hydrogen chloride . . 

125, 

87.0 

1,278 

-112.0 

Hydrogen sulphide , 

212, 

94.0 

1,382 

- 61,6 

Methane (CH4). ... 

-115 

57.0 

838 

-263.0 

Nitric oxide (NO) . . 

-137 

73.0 

1,073 

-238.0 

Nitrous oxide (N 2 O) 

96 

80.0 

1,175 

-134.0 

Nitrogen 

-236 

35.0 

514 

-321.0 

Oxygen 

-180 

50.0 

735 

-297.0 

Pentane 

386 

34.0 

500 

96.8 

Sulphur dioxide .... 

314 

80.0 

1,175 

14.0 

^ Water 

706 

217.8 

3,200 

212 0 


^ 1 atmosphere == 14.7 lb. per sq. in. 

- From Marks and Davis^ Steam Tables. 
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QUESTIONS ON DIVISION 10 

1. Define vaporization. Give some examples of its practical applications. 

2. Explain in general terms the distinction between a gas and a vapor. 

3. What kind of a vapor is steam? 

4. Name and define the three different kinds of vaporization. 

5. Under what temperature conditions will evaporation occur? 

6. Explain the molecular theory of evaporation. 

7. State the laws governing evaporation. Explain each law. 

8. What effect does evaporation have on the temperature of the evaporating liquid 
and the adjacent bodies? Explain. Give two commercial applications. 

9. Give some examples of freezing and cooling by evaporation. 

10. What is condensation? Explain. Give a practical application of heating by 
condensation. 

11. What change in volume takes place when a substance vaporizes or condenses? 

12. What is a saturated vapor? Explain saturation theoretically. What happens if a 
saturated vapor is cooled at a given pressure? 

13. What are Dalton's laws for vapors? Explain an exception to the second law. 

14. What determines the vapor pressure of a given liquid? What effect has the 
presence of another gas on evaporation? On vapor pressure? 

15. What is meant by saturation pressure? 

16. Why do bubbles form when a liquid is heated to its boiling point? Of what are 
they composed? Why do they sometimes disappear before they reach the liquid surface. 

17. Why is ebullition usually more rapid than evaporation? 

18- What is the relation between vapor pressure and- boiling point? Illustrate with a 
sketch showing the forces which act upon a bubble. 

19. Why does not a body of liquid all evaporate at once -when heat is applied to it at its 
boiling point? 

20. How does difference in pressure affect boiling point? Describe an experiment in 
which boiling point is lowered by a pressure change. One in which it is raised. 

21. How is the boiling point of a liquid affected by a dissolved solid? By a dissolved 
gas? 

22. Give two examples of sublimation. 

23. What is latent heat of vaporization? Into what two parts may it be divided? 
Explain. 

24. Why is the large latent heat of vaporization of water a disadvantage in steam 
power generation? An advantage in steam heating? 

25- How does increased pressure and temperature affect latent heat of vaporization? 

26. What are the principal constituents of atmospheric air? 

27. Define humidity. In what two ways may the atmospheric humidity be expressed 
numerically ? 

28. What degree of humidity is most suitable for animal life? How may the humidity 
be increased artificially? How decreased? 

29. Explain the principle and use of the psychrometer in determining relative humidity. 
What is the practical use of such determinations? 

30. What is meant by dew point f How is dew formed? 

31. Explain the sweating of cold objects in warm air. How may it be prevented? 
Give 2 ways. 

32. Explain frost, fog, and rain? How is snow formed? 

33. Explain fractional distillation. Destructive distillation. Give a commercial 
application of each. 

34. What is the critical temperature of a substance? What is its critical pressure? 
Critical density? Describe condensation and vaporization at critical temperature and 
pressure 

36. What is the effect of the critical temperature of a gas on the ease with which it 
can be liquefied? 



318 


PRACTICAL, HEAT 


10 


PROBLEMS ON BIVISION 10 

1. How much heat must be added to 1 lb. of water at 32® P. to change it to steam at 
atmospheric pressure? 

2. How much heat must be added to 1 lb. of ice at 32® F. to change it to steam at 
atmospheric pressure? 

3. What is the weight of'the water vapor in 1 cu. ft. of air at a temperature of 70® P., 
if the relative humidity is 55 per cent.? 

4 . The temperature of the wet- and dry-bulb thermometers in a room are 70® F. and 
53® F. respectively. What is the relative humidity and what weight of water vapor does 
each cubic foot of air contain? Compute from the tables. 

5- In an industrial plant, the wet- and dry-bulb temperatures are respectively 90® F. 
and 75® F- on a summer day. Find, by means of the psychrometric chart of Fig. 323, 
the relative humidity and the weight of water vapor in 1 cu. ft. of the air. 

6. If, in the plant of Prob. 5, a relative humidity of 80 per cent, is necessary for certain 
processes, find what the wet-bulb thermometer should be made to read and how much 
moisture must be added to each cubic foot of air. 

7 - If, in Prob. 6, it is desired to raise the relative humidity by cooling the air, to what 
temperature must it be cooled? 

8, <a) What is the state of water at the temperature of 800° F. and under the pressure 

of 200 lb. per sq, in. abs. ? C&) At 800® F. and 3,500 lb. per sq. in abs.? (c) At 1,000 

Ib. per. sq. in. abs. and 500® F.? (jl) At 350® F. and 75 lb. per sq. in. abs.? 

9. Co) What is the state of ammonia at 70® F- and 100 lb. per sq. in. abs.? (6) At 
700® F. and 500 lb. per sq. in. abs.? (c) At 140® F. and 500 lb. per sq. in. abs.? (d) 
At 0® F. and atmospheric pressure? 




nee no disgregation worK 
when heated or cooled 
(Sec. 258). But all known 
actual gases do experience 
small amounts of disgrega- 
tion work. Vapors experi- 
ence large amounts of dis- 
gregation work; this is 
very evident at the boiling 
point of a liquid at which 
point the liquid is changed 
to a vapor and a great 
change of volume occurs 
with no change in the 
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pressure which, is exerted by the vapor or in its tempera- 
ture. The consequence is that, for most vapor calculations, 
it is infeasible to use formulas. Instead, it is necessary to 
use values which have been determined by experiment and 
listed in tables. The use of these tables will be described later ; 
the Steam Table 394 is an example. 

Notes. — Highly Stjpesrheiated Vapors Are Gases, if the super- 
heat is sufficiently great, and they do then approximately follow the 
perfect gas laws. 


362. Vapors Are Essential To The Operation Of Most 
Refrigerating Plants, Many Power Plants And For Many 
Industrial Processes. — Hence, a knowledge of their properties 
and behavior is very important to the engineer. Water vapor 
— steam — is used to generate more power than any other 
substance; see following Sec. 391. The vapors, ammonia, 
sulphur dioxide, and carbon dioxide are practically the only 
substances used as refrigerants in the manufacture of artificial 
ice; see Div. 18. The examples just stated indicate how 
extensively vapors are used in industry. All behave similarly 
even though they have different boiling points. Thus, the 
general principles stated in this division are true for all vapors. 



But the properties of only the four 
important vapors, named above, 
will be treated in detail. 

353. Vapors May Occur In Any 
One Of Three Conditions; (1) 
Saturated vapor which may be 
either wet or dry. (2) Superheated 
vapor^ (3) Supersaturated vapor. 
Each of these conditions will be 
discussed separately. 

354. Saturated Vapor Fig. 333 
(see also discussion and definition 


Fig. 333.~-iiiustrating the meaning given in Sec. 305 ), is vapor at the 

of the term “saturated vapor/’ ^ ^ t xr 

temperature corresponding to the 


boiling point of the liquid at the imposed pressure. As 


explained in Sec. 315, there is, for each different liquid sub- 


stance, a certain definite boiling point for each pressure. A 
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substance which is in the vaporous form in a confined space 
and which is in contact with some of the same substance which 
is in the liquid state, is always at the same temperature as the 
liquid and is saturated vapor. When heat is added to a 
confined (at constant pressure) body of saturated vapor and to 
the liquid with which it is in contact, more of the liquid 
vaporizes but the temperature of the liquid and vapor remains 
constant. Similarly if heat is extracted, more of the vapor 
will condense but the temperature will also remain constant. 
The temperature will not change until the liquid is all vapor- 
ized or until the vapor is all condensed; see Sec. 322 on ^Tatent 
heat of vaporization.^' If the pressure to which the saturated 
vapor and its liquid are subjected is varied, the temperature 
of both liquid and vapor will always vary correspondingly with 
it — but the temperature of the confined vapor will in every 
case be the same as that of the liquid. 

Note. — For A Gwen Pressure, The Temperature And Density 
Of a Saturated Vapor Are Fixed. — ^The temperature and density can- 
not be changed without also changing the pressure; see Sec. 305; also 
see Steam Table 394. 


365. Saturated Vapors May Be Either Bry Or Wet. — A dry 

saturated vapor is one that does 
not contain any liquid. It con- 
tains just sufficient heat energy to 
maintain all of the substance in 
the vaporous form; see also Sec. 

305. A wet vapor is one that is I 
saturated but it also contains i 
liquid particles, (Fig. 334), either 
in the form of mist or as fine drop- 
lets in suspension. It does not 

contain sufficient heat energy to „ ^ , 

. . v T_ • V Fia. 334. — Cross-section of steam 

maintain all of the substance in the pipe showing the distribution of 
vaporous state. ^ carrying wet steam. 



Note. — Ip Some Op The Heat Op Dry Saturated Vapor Is 
Absorbed by an outside body, some of the vapor will condense and 
wet vapor will result. 

Note. — In Practice Where The Vapor Is Produced By Boilinq, 
It Is Difficult To Obtain An Absolutely' Dry Saturated Vapor, 
21 
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because, if boiling takes place at even a moderate rate, some liquid 
particles are always carried upward with, the rising vapor. Further- 
more, when the vapor is transmitted any considerable distance through 
pipes, it usually loses some heat which causes more vapor to condense 
(Sec. 301) and consequently produces more liquid in the vapor, 

356 . Superheated Vapor is vapor the temperature of which 
is greater than that of the boiling point corresponding to the 
pressure imposed on it. The temperature of a vapor may be 
increased above that corresponding to the imposed pressure 
by adding heat to the vapor (Fig. 335) after the liquid has all 



Pia, 335. — “Elesco” superheater applied to a water-tube boiler of the cross-drum type, 

{The Superheater Company.') 

been vaporijzed or after the vapor has been separated from con- 
tact with the liquid. Superheated vapor contains more heat 
energy than that required merely to maintain the substance 
in the vaporous condition. It contains the additional heat 
energy required to raise the temperature of the vapor above 
the temperature corresponding to the pressure. The super- 
heated condition of a vapor in one which is not in thermal 
equilibrium with the liquid, for if superheated vapor is brought 
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in contact with the liquid substance, it will give up that 
portion of its additional heat which is required to vaporize 
the liquid, providing it contains that much additional heat. 
If it does not contain sufficient additional heat to vaporize 
all the liquid, it will give up all its additional heat and some 
of the liquid will not be vaporized. 

Note. — While Satura.ted Vapor Cam Have Oiclv Ome Tempera- 
ture And Density Por A Given Pressure, Superheated Vapor Can 
Have Any Temperature Above The Boiling Point Any Density 
less than that of saturated vapor, for tlie given pressure. At constant 
pressure the temperature of superheated vapor increases with the heat 
added. 

Note. — ^The Amount Op Superheat In A Vapor Is Given in terms 
of the difference between its temperature and that of saturated vapor at 
the same pressure. Thus, vapor which has a temperature 50 .® higher 
than saturated vapor at the same pressure is said to contain '' 50 ® of 
superheat. 

367. Supersaturated Vapor is vapor the temperature of 
which is less and the density of which is greater than that 
corresponding to the pressure imposed on it. This condition is 
obtained when vapor is cooled by its own expansion until it 
contains less heat energy than would the saturated vapor 
under the same conditions. This condition cannot always be 
obtained because — after the heat energy of the vapor is 
reduced to that of saturated vapor under the same conditions, 
and then more heat is abstracted — some of the vapor usually 
condenses and the heat in the remaining vapor is the same. 
Under certain special conditions, however, for some reason not 
fully understood, condensation does not take place and the 
vapor changes to the supersaturated condition. This con- 
dition is a very unstable one and the vapor soon resumes the 
saturated condition. 

Note. — This Supersaturated Condition Op Vapor Is Ordinarily 
Op No Importance In Power Plant Practice except to the turbine 
designer — it occurs only in the expansion in a turbine or other nozzle. 
It is mentioned here only to show that this condition may exist. It will 
not be further discussed. 

358. Vapors, When Used In Engineering Processes, Do 
Not Remain In The Same Condition Throughout The Process; 
That Is, Their ‘^Properties” Change. — At certain points in a 
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process the substance may be all vapor, at other points it may 
be all liquid, while at intermediate points it may be part liquid 
and part vapor. The pressure on the vapor may vary through 
a wide range and also the temperature. With these pressure 
and temperature changes, the volume of 1 lb. of the substance 
must also change. The fact that the working substance is 
used as a vehicle for conveying heat, necessitates its possessing 
a different quantity of heat at different points or conditions. 
These several qualities, pressure, temperature, specific volume, 
heat content, and others \^ich are related to one another are 
spoken of as the properties of the vapor. 

359. The Various Properties Of Each Vapor Are Interrelated. 
That is, they depend upon one another; hence, if some of 
them are given or observed, the others may be found. It was 
shown in preceding Sec. 354, that for saturated vapor at a given 
pressure, the temperature is always the same. Thus, if the 
pressure of saturated vapor is observed, its temperature can 
be found from a vapor table in which the results of previous 
experiments are tabulated. Likewise, all the other properties 
of a given weight of a certain vapor which will be described 
later, such as latent heat of vaporization, can be found when 
any two properties, such as the pressure and quality for satu- 
rated vapor or the pressure and temperature for superheated 
vapor, are known. However, if it is known that the vapor is 
dry and saturated only one other property such as the pressure 
need be known, since the knowledge that it is dry constitutes 
the second known property which is quality. '' 

Note. — ^For Dry Saturated Vapor, The Pressure Need Not Be 
The Observed Property. — ^Any property may be the observed one and 
all the other properties may be found from it. In steam practice the 
pressure is usually observed while in refrigeration practice the tempera- 
ture is observed. Likewise with wet saturated or superheated vapor any 
two properties may be observed to determine the remainder. But for 
wet saturated vapor, temperature and pressure cannot be counted as 
two properties for one determines the other; hence, another property 
besides either one of them must be given. 

Note. — Pressure Gages, Thermometers, And Vapor Calorim- 
eters are used to determine the properties of the substances at various 
points. Vapor calorimeters (Sec. 392) determine the percentage of 
liquid carried with the vapor. 
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360. By The ‘‘Quality” Of Saturated Vapor is meant the 
percentage of dry vapor present in the given amount of the 
wet saturated vapor. It is, in this book, usually expressed 
as a decimal but it is often expressed as a percentage. That 
is, if 100 lb. of wet vapor contains 2 lb. of liquid and 98 lb. 
of dry vapor, the quality of the vapor is 98 per cent, or 0.98. 
It is important to know the quality of a vapor in ascertaining 
its heat content per pound (see Sec. 365). ""Quality” is also 
used in calculating engine economies. Quality is determined 
by means of vapor or steam calorimeters, as is explained in 
Sec. 392. 

Example. — Assume that an engine requires 10,000 lb. of dry steam 
per hour for a given output. It is found that the quality of the steam 
furnished to it is 94 per cent. Neglecting the heat of liquid in the water, 
what weight of wet steam must be furnished? Solution. — ^The 10,000 
lb. of steam is 94 per cent, of the weight of wet steam necessary. Then : 
the weight of wet steam required — 10,000 -5- 0.94 ~ 10,630 lb , per hr . 

361. The Properties Of The Vapors Used In Practice Axe 
Arranged In “Vapor Tables.” — The values found therein 
(Tables 394, 395, 399, 400 and 401) have been determined 
accurately by experiment. They form the basis for many 
vapor calculations. Such tables must be employed because 
the properties of vapors cannot be determined from the 
general gas law (Sec. 248) or other simple formulas. The 
values given in the tables are for dry saturated vapors but they 
may be used also for wet- vapor computations. When they 
are so used, the amount of liquid present in the wet vapor 
must be given consideration. This is necessary because the 
tables give values which apply only to the vapor and not to the 
liquid and vapor together; see Sec. 366. The tables given in 
this division are abstracts of more extensive tables ; but they are 
complete enough for most engineering work except engine, 
turbine, or refrigeration-compressor designing. 

Note. — The Heat-conteistt Values Shown" In The Vapor Tables 
Indicate Only The Heats Of 1 Lb. The Vapor Above 32® F. Liquid, 
although the liquid at 32® F. does coutaiu some heat. As explained in 
Sec. 108, some starting point must be chosen because the total heat in a 
body, that above 0° F. abs., cannot be measured. This arbitrarily 
chosen point, the liquid state at 32® F., is a convenient one for most 
vapors. Calculations will not be affected by the temperature which is 
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thus used as this starting point (or datum) above which the total heat 
of the vapor is considered, for in engineering only the difference in heat 
content between two conditions of the vapor is desired and not the total 
heats. Almost any reasonable temperature other than 32° F. might 
have been chosen as the standard starting point ; but 32° F. was chosen. 
It is convenient and hence is widely used. 

Note. — ^Theke Abe Two Tabues Fob Each Vapob. — One table con- 
tains the properties of the dry saturated vapor and the other the properties 
of the superheated vapor. The table of the properties of superheated 
steam is the only table of superheated vapors given in this volume. 
The properties of wet vapor can be determined from the table of dry 
saturated-vapor properties by the method shown in Sec. 366. The 
properties of supersaturated vapors are not tabulated since this condition 
of vapor, as stated in Sec. 357, seldom occurs in engineering practice. 

362. To Betermiiie The Properties Of A Vapor At Some 
Pressure Between Those Given In Tables 394, 396, 399, and 
400, interpolate as explained below and by the following 
example. This method is quite accurate. There are, how- 
ever, charts of the properties of vapors, as shown in Fig. 343, 
from which these intermediate values can be read directly. If 
the charts are large and accurately made, the values obtained 
from them will be more accurate than those found by inter- 
polation of the values given in the table. However, most 
charts are small and not precisely printed, which tends to 
render them inaccurate. Hence charts should not be used for 
exact computations unless they have been previously checked 
with a table of known accuracy. Charts will be further 
discussed in Sec. 382. 

Example, — ^Find the temperature and latent heat of 1 lb. of steam at 
154 lb. per sq. in. abs. Solution. — ^The pressure, 154 lb. per sq. in. 
abs., is 0.4 of the range from 150 to 160 in Column 2, Table 394. That 
is, 160 — 160 — 10 and 154 — 150 — 4, and 4 ^ 10 = 0.4. Therefore, 
the temperature at this pressure is approximately 0.4 of the range from 
358.5 to 363.6° F., greater than 358.5° F. Thus it will be: 358.5 + 
0.4(363.6 — 358.5) == 360.5° F. Similarly, the latent heat of steam at 
154 lb. per sq. in. abs. is: 863.2 — 0.4(863.2 — 858.8) = 861.5 B.t.u. 

363. The Heat Of The Liquid, h (Tables 394, 399, 400 and 
401), as given in tables of vapor properties, is the heat in 
British thermal units required to raise the temperature of 1 lb. 
of the liquid from 32^^ F. to that temperature at which the 
liquid begins to boil at the given pressure, P. In changing a 
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liquid to a vapor under constant pressure, the temperature of 
the liquid must first be brought up to its boiling point at the 
given pressure before the liquid can evaporate (Sec. 315). 
The heat required to do this is called the heat of the liquid. 

Note. The Heat Op Tue liiQxrm IMax Be Fotjkt Approximately 
By Multiplying The Specific Heat Of The Tiquid By The Tempera- 
ture Hise; see Sec. 92. For water the specific heat is approximately 1. 
Hence the heat of the liquid for water vapor or steam then must be 
approximately equal to the difference in temperature between the tem- 
perature under consideration and 32® P. See Table 394, column 5. 

Example. — The heat of 1 lb. of liquid (water) at 261® F., as shown 
by Steam Table 394, is 229.6 B.t.u. The teTnperatuTe difference hetween 
261 and 32® F. == 261 — 32 ~ 229° F. This value is nearly equal to the 
actual heat of liquid in B.t.u, — ^229.6 — as shown by the steam table. 
The correct value is the one given in the steam table. 

Note. — The Heat Of The Liquid Increases With The Pressure. — 
Since the temperature increases with the pressure, the heat of the liquid 
must also increase with the pressure. 

Note. — ^Vapors Are Often Used Below 32° F. In Hefrigeration 
Processes (see Tables 399, 400, and 401). For temperatures below 32° 
F,, the heat of the liquid given in the table must be extracted from, instead 
of added to the liquid at 32° F. to bring it to the temperature under con- 
sideration. Hence, the heat of the liquid is given the negative sign in 
the vapor tables when the temperature of the liquid is below 32° F. At 
32° F. the heat of the liquid must be zero. 

364. The Tatent Heat Of Vaporization, E, (see Sec. 322 
for definition) is also given in the vapor tables. The value 
of the latent heat of vaporization decreases as the imposed 
pressure increases (see Tables 394, 399, 400, and 491 for 
saturated vapors) until the critical pressure is reached; there 
it becomes zero. The latent heat of vaporization is, as explained 
in Sec. 325, divided into two parts: (1) The external latent 
heat of vaporization — external-work heat — which is equivalent 
to the amount of mechanical work done by the vapor in expan- 
ding from the liquid to the vapor state. (2) The internal 
latent heat of vaporization — disgregation heat — which is the 
increase in internal heatenergy accompanying the vaporization; 
see also Sec. 107. The values for these two parts of the latent 
heat of vaporization are also given in the saturated-vapor tables 
in the columns headed Tue and Ej respectively. It is a useful 
fact to remember that it requires about 1,000 B.t.u. (see Steam 
Table 394) to vaporize 1 lb. of water at atmospheric pressure. 
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Notes. — No Yai^tje For The Latent Heat Of Vaporization Is Given 
In Table 395 Op The Properties Of Superheated Water Vapor. 
— These values can be found from the table of the properties of saturated 
vapors under the latent heats of vaporization for the same pressure; see 
following example. The latent heat depends on the pressure and not on 
the amount of superheat. 

Note. — The Terms “Latent Heat Op The Vapor’' and “Heat Op 
Vaporization” are sometimes used instead of “Latent Heat of 
Vaporization.” 

Example. — Find the amount of heat that was required to vaporize 
10 lb. of steam which is at 160 lb. per sq. in. gage and has a temperature 
of 500® F. Solution. — ^From saturated-steam Table 394, the tempera- 
ture of steam which is at 160 lb. per sq. in. 'gage pressure, is found to be 
only 370.8® F. Hence the steam given in this example must be super- 
heated steam. But this does not affect the solution of the problem 
because the heat of vaporization of superheated steam is the same as that 
for saturated steam at same pressure. In saturated-steam Table 394 
on the horizontal line with 160 lb. per sq. in. gage pressure in the L 
(heat-of- vaporization) column is the value “852.7.” This is the heat in 
B.t.u. required to vaporize 1 lb. of steam. To vaporize 10 lb. of steam: 
10 X S52.7 = 8,527 are required. 

366. The Total Heat Of A Vapor, (Hjd Column 4, Table 394), 
is the amount of heat which must be supplied to 1 lb. of the 
liquid which is at 32° F, to convert it, at constant pressure, into 
vapor at the temperature and pressure considered. This 
value is given in both the tables of the properties of saturated 
vapors and those of the properties of superheated vapors. 
The total heat is, for dry saturated vapor, the sum of the heat 
of the liquid, h, and the latent heat of vaporization, T; see Sec. 
108. The total heat of any dry saturated vapor increases 
with the pressure. For superheated vapors, the total heat 
(Table 395) includes not only the heat of the liquid and the 
latent heat of vaporization but also the additional heat 
required to superheat the vapor. 

Note. — The Total Heat Op A Vapor Depends On How The 
Vapor Is Heated. — The total heat given in the tables is for heating at 
constant pressure. If the liquid is heated in some other manner, as at 
constant volume, the total heat added would be different. 

Example. — Find the amount of heat which must be supplied to 53 lb. 
of water at 59® F. to convert it into saturated steam at 250.3° F. Do not 
use the Hj[> values in Column 4 of Table 394. 

Solution. — The heat of liquid at 250.3® F. is 218.8 B.t.u. per lb. At 
59® F. it is 27.08 B.t.u. per lb. The amount of heat that must be added 
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to the liquid to raise it to the required temperature is then: 218.8 ~ 
27.08 *= 191,72 B.t.u. per lb. The heat required to vaporize the liquid 
at 250, 3*^ F. is 945.1 K.t.u, per lb. Hence, the total heat required is: 
(945.1 “h 191.72) X 53 == 1,136.82 X 53 = 60,250 for 53 lb. Note. 
— This result would be obtained in practice by subtracting the heat of 
liquid, 27,08 B.t.u., from, the total heat of steam 1,163.9 giving 1,136.82 
B.t.u. per lb- as before. 

366. The Total Heat Of A Wet Saturated Vapor Cannot Be 
Otitained IDirectly From The Vapor Xahles. — However, it 
can be calculated when the quality is known by the use of the 
following formula, the derivation of which is given below: 

(242) == h + ±L (B.t.u. per pound) 

Wherein : JLw = the total heat of wet vapor, in British thermal 
units per pound, h = the heat of liquid at the temperature of 
the wet vapor, in British thermal units per pound, x === the 
quality of the wet vapor, expressed decimally; that is, the 
fraction of the mixture that is vaporized. L = the latent 
heat of dry saturated vapor at the pressure of the wet vapor. 

Example. — Find the total heat of 1,100 lb. of wet ammonia vapor 
having a quality of 96 per cent. The temperature of the vapor is 60® F. 

Solution. — From Table 400 for the vapor at 60® F., h = 30.9 B.t.u, per 
lb. and T == 522 B.t.u. per lb. By For. (242): the total heat per lb., 
Hit = h 4- xB = 30.9 4- (0.96 X 522) =* 30.9 4- 501.1 = 532 B.t.u. per 
lb. For 1,100 lb.: the total heat ^ 1,100 X 532 == 585,200 B.t.u. 

Derivation, — Wet vapor (Sec. 355) has liquid particles suspended 
in it. Since the liquid particles contained in the wet vapor are at the 
same temperature as the vapor, the heat of the liquid, h, contained in a 
given weight of wet vapor must be the same as that contained in the 
same weight of dry saturated vapor at the same pressure. But also, the 
vapor portion of wet vapor contains latent heat of vaporization. Now, 
by definition, the weight of dry vapor in 1 lb. of wet vapor is equal to the 
quality, x, of the vapor expressed decimally. Hence, the latent heat in 
1 lb. of wet vapor must equal the latent heat, L, of dry saturated vapor 
times the quality. That is, the latent heat present in 1 lb, of wet vapor — 
xL. Hence the total heat present is: 

(243) Hw — h 4- xB (B.t.u. per lb.) 

which is the same as For. (242). 

367. The Total Heat Of Superheated Vapor Can Be Com- 
puted When No Table Of Superheated-vapor Properties Is At 
Hand. — The temperature and pressure of the vapor must 
both be known. For steam, find the temperature in Steam 
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Table 394 corresponding to the pressure of the vapor. The 
difference between this temperature and the observed tem- 
peratixre is (Sec. 356) called the degrees of superheat. Then 
find, from the graph of Fig. 336, the mean specific heat of super- 
heated steam for this pressure and degree of superheat. 
Now, the total heat of superheated vapor is: 

(244) Hs = Hi, -1- CTs (B.t.u. per lb.) 



Fig. 336- — Ciiart showing mean specific heat of superheated steam for various pressures 

and degrees of superheat. 


Wherein: = the total heat of superheated vapor, in British 

thermal units per pound. Hz> == the total heat of saturated 
vapor at the same pressure as that of the superheated vapor, in 
British thermal units per pound. C = the mean specific heat 
of superheated vapor at the pressure and degrees of superheat 
considered; for steam see Big. 336; for other vapors see note 
below; Ts = the degrees of superheat of the vapor, in degrees 
Fahrenheit. 

Example. — A certain volume of steam has a temperature of 397° F. 
and a pressure of 180 lb. per sq. in. abs., what is the total heat per pound? 
Solution, — The temperature corresponding in Steam Table 394, to 


Sec. 368] 


STEAM AND OTHER VAPORS 


331 


180 lb. per sq. in. abs. is 373. R There are, therefore: 397 - 373.1 « 
23.9° R of s'U'perheat. The mean specific heat of superheated, steam under 
these conditions is (A, Fig. 336) 0.64. Hence, by For. (244), the total 
heat of superheated steam: = 1,196.4 4- (0 64 X 

23.9) =- 1,211.3 B,tu. per lb, 

Note. — The Mean Specific Heats Of Sijperh:eatei> Ammonia, 
Carbon Oioxioe, Ano Sulphur Dioxide, throughout the ordinary 
working ranges, may be taken as: ammonia, 0.62; carbon dioxide, 0.21; 
sulphur dioxide, 0.15. These are specific heats at constant pressure, 
Sec. 267. 

36B. Th.e Specific Volumes Of Vapors (the volumes of 1 lb.) 
are given in the vapor tables for dry saturated vapors and for 
superheated steam. The specific volumes of superheated 
ammonia, carbon dioxide, and sulphur dioxide may be found 
with reasonable accuracy by appl 3 dng the general gas law and 
the constants given in Div. 8. The specific volumes of wet 
vapors may be computed, with reasonable accuracy, by For. 
(245) below. If extreme accuracy is desired For. (246) may 
be used. 

(245) Vw = xFd (cu. ft. per lb.) 

Wherein: Vw — the specific volume of the wet vapor, in cubic 
feet per pound, x = the quality of the vapor, expressed 
decimally. Fd = the specific volume of dry saturated vapor 
of the same pressure, in cubic feet per pound; can be found 
from the vapor tables. 

Derivation. — Since 1 lb. of the wet vapor contains x lb. of dry satu- 
rated vapor and (1 — x) lb. of liquid at the boiling temperature, the 
specific volume of the wet vapor must be the sum of the volumes occupied 
by X lb. of dry saturated vapor and (1 — x) lb. of liquid. If Vl is the 
specific volume of the liquid at the boiling temperature, then the volume 
of (1 — x) lb. of liquid will be (1 — x) X Vl cu. ft. Also, the volume 
of X lb- of dry saturated vapor will be x X Vd cu. ft. Hence, the specific 
volume of the wet vapor, 

(246) Vw ^ (1 - x)Fx. 4- xVd (cu. ft,) 

But, the specific volume of the liquid is ordinarily very small as compared 
with that of the dry saturated vapor. Hence, except for very wet vapor 
(x very small), only a negligible error is introduced by disregarding the 
term of For. (246) which expresses the volume of the liquid. When this 
term is disregarded, For. (245) results. 

Example. — WTiat is the specific volume of steam of 80 per cent, 
quality at 125 lb. per sq. in. abs.? Solution. — From steam Table 394, 
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at 125 lb. per sq. in. abs., V i> = 3.583 cu. ft. per lb. Hence, by For. 
(245), the specific volume of the wet steam ~ = xFn = 0.80 X 

3.583 = 2.866 cu. ft. per lb. 

Note. — To Find The Qualitt Op Wet Steam When Its Specipic 
VoEiTME And Its Pressxtbe Or Temperature Are Known, the follow- 
ing formula — a transposed form of For. (245) — ^may be used 

Vvfr 

(247) (decimal) 

Esampue. — If 2 lb. of steam at 281° F. are contained in an engine 
cylinder whose volume is 12 cu. ft., what is the quality of the steam? 
Solution. — The specific volume — yTF = 12-i-2 = 6 cu, ft, per lb. At 
281° F., by Table 394, the specific volume of dry saturated steam is 
8.51 cu- ft. per lb. Hence, the steam in the cylinder is wet. Then, by 
For. (247), the quality — x == Vw/Vn — 6 h- 8.51 = 0.705 or 70.5 
per cent. 

369. The *‘Intemal Heat’^ or “Internal Energy’’ Of A Vapor 

(see Sec. 107, for definition) can readily be computed. As 
explained in Sec. 103, nearly all of the heat of the liquid (h 
in the vapor tables) represents vibration heat and is therefore 
internal heat. Likewise, during vaporization, a great portion 
of the latent heat of vaporization is stored as internal energy 
(in Table 394 the latent heat is divided into internal and 
external heats). For any liquid, vapor, or mixture of liquid 
and vapor, the internal energy per pound (measured above 
that of the liquid at 32® F.) may be found from the tables by 
the formula: 

(248) I - H - 0.185, 2PF (B.t.u. per lb.) 

Wherein: I = the internal energy of the liquid or vapor, in 
British thermal units per pound. H == the heat content (Sec. 
365) of the liquid or vapor, in British thermal units per pound. 
P = the pressure of the vapor, or the pressure at which the 
liquid will boil at its temperature, in pounds per square inch 
absolute. V = the specific volume of the liquid or vapor, in 
cubic feet per pound. 


Derivation. — Formula (248) is the direct result of transposition and 
simplification of the formula which is used by the compilers of the vapor 
tables as the definition of heat content, namely: 


(249) 


H 


i44py 

778 


Example. — What is the internal energy of 1 lb. of dry saturated 
water vapor at 366° F. ? Solution. — By Table 394, for the given condi- 
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tion: H = 1,195.0 B.t.u. per lb.; P = 165 lb. per sq. in. abs.; V = 
2.753 eu. ft. per lb. Hence, by Bor. (248), tlie 'intemcH ejiergy = I — 
H — 0.185,2Py = 1,196.0 - <0.185,2 X 166 X 2.763) = 1,110.8 B.t.u. 

per Ih. 

Example. — What is the internal energy of 1 lb. of steam at 200 lb. 
per sq. in. abs. and superheated by F.? Solution. — By Table 395, 
for the given conditions, H = 1,282.6 B.t.u. per lb., and Y = 2.86 cu. ft. 
per lb. Hence, by For, (248), the internal energy =:= I = H — 0.185,2 
PV = 1,282.6 - (0.185,2 X 200 X 2.86) = 1,176.6 B.t.u, per lb. 

Example. — What is the internal energy of 1 lb. of steam whose quality 
is 0.75 and whose temperature is 312® F.? Solution. — By Table 394, 
at 312® F.: h = 282 B.t.u, per lb. L -= 900.3 B.t.u. per lb. Vj^ = 
5.47 cu. ft. per lb. P = 80 lb. per sq. in, abs. Hence, by For. (242) : 
the total heat ~ PLw = h -f- xL == 282 + (0.75 X 900.3) == 957,2 B.t.u. 
per IK Now by For. (245), the specific volume = Fw == xVn = 0.75 X 
5.47 = 4.10 cu. ft. per lb. Hence, by For. (248), the internal energy — 
I = H — 0.185,2 PF = 957.2 - (0.185,2 X SO X 4.10) -= 896.4 B.t.u. 
per lb. 

370. Heat Energy Transfer May Be Expressed As The 
Product Of ‘‘Entropy’’ And “Absolute Temperature.” — 
Every kind of energy or work may, as is explained below, be 
expressed as the product of two factors. Now, early in the 
study of heat phenomena it became evident to the investigator 
Clausius that it would be desirable to similarly express heat 
energy as the product of two factors. One of the factors he 
decided should be absolute temperature. The other factor, 
which he proposed — and which when multiplied by average 
absolute temperature would give heat energy — he named 
entropy. It might quite as well have been christened with 
any other distinctive name. Entropy will now be explained. 

Example. — Illustrating How All Energy Change Is The Product Oj 
Two Factors. In representing energy by the area of a graph, one of these 
factors is represented by vertical distances and the other by horizontal 
distances. Thus, for example (Fig. 337) : 

(250) Mechanical Energy Change = {Distance Change) X {Average 

Force) 

That is (Fig. 337), if it requires a force of 20 lb. to pull a weight, TF, 
along a horizontal surface and the weight is pulled a distance of 40 ft. 
then: the energy expenditure == 20 X 40 = 800 ft.-lb.; this 800 ft.-Ib. of 
energy is represented by the area of ABCD shown in Fig. 337-//. Also: 

(251) Mechanical Energy Change = {Volume Change) X {Average 

Pressure) 
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That is, if the expanding steam in the engine cylinder, C, of Fig. 338 
moves the engine piston, P, through a volume of 1.8 cu. ft. and the mean 
effective pressure from B to E (as determined with a steam-engine 
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Pig. 337. — Showing how the product of two factors “force** and “distance** equals 
“mechanical energy** and how they may be employed in representing mechanical energy 
as an area. 


indicator) is 10,282 lb, per sq. ft., then the mechanical energy expended 
by the steam (Sec. 99) will be: External work = pressure X change in 
volume == 10,282 X 1.8 = 18,507 Jt.-lb, (The work done, if any, in 
pushing the exhaust steam out of right end of the cylinder, i, is here 
disregarded.) This energy expenditure — 18,507 ft .-lb. — ^is represented 
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Pig. 33S. — Showing how the product 
equals “mechanical energy** and how they 
energy as an area. 



of two factors “pressure” and “volume” 
may be employed in representing mechanical 


by the shaded area ABED within the diagram of Fig. 338-//. This is 
similar to any steam-engine indicator diagram for a revolution. Also, 
in similar manner, it can be demonstrated that: 

(252) Hydraulic Energy Change {Weight of Water Change) X 

{Average Height) 
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And also : 

(253) Electrical Energy Change (Quantity of Electricity Change') X 

Average Voltage} 

Ajid, it can also be sbown that for both of these forms of energy — Fors. 
(252) and (253) above — ^that the product of the two factors may be 
represented by an area. Now heat is also a form of energy and, likeivise, 
any change in it is the product of two factors and may he represented by an 
area. As above stated, one of these factors is average absolute tern- 
perature; the other is called entropy. 

Thus: 

(254) Heat energy change = {Entropy change) X (Avenage Ahs. Temp.) 

' The following example (Fig. 339) illustrates the application of the 
above equation. Example, — In Fig. 339-J the 1 lb. of water, D, is at 
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Fig. 339. — Showing how the product of two factors “absolute temperature’* and 
“entropy’* equals “heat energy** and how they may be employed in representing heat 
energy as an area- 


212° F. (672° F. abs.). Now, heat is added until all of this water is 
vaporiiaed into 1 lb. of steam V , at 212° F. (672° F. abs.) and atmospheric 
pressure. Oompute, using entropy and. absolute-temperature values, 
the heat energy which has been added as heat to the water, E, to thus 
vaporize it into steam, V , and also represent as an area on a graph this 
added heat energy. Solution. — N ow from Steam Table 394, hori- 
zontally opposite '"212° F.,” it is found that the entropy of 1 lb. of the 
liquid — ^water — is 0.311,8; also it is found that the entropy of 1 lb. of the 
vapor, V (steam) at 212° F. is 1.756,5. The temperature does not change 
while a liquid is being vaporized (Sec. 322); hence: The average absolute 
temperature = 212 4- 460 == 672° F. ahs. Therefore, to produce this 
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vaporization: The heat energy transfer == {Entropy change^ X {Av. ahs, 
temp.) ^ (1.756,5 - 0.311,8) X 672 = 1.444,7 X 672 « 970.S B,t.u. 

This heat energy transfer is shown graphically in Pig. 339-7/ in which 
the shaded area A BCD is equivalent to the heat energy which was 
transferred. 

The discrepancy between this value ^‘970.8” and that given in Steam 
Table 394 of ^‘970.4^' is due to the usual assumption which was made 
in this example, that absolute zero is at —460° P.; actually it is at 
— 459.6® F. instead of as given in the example. 

This (Fig. 339) illustrates the simplest form of temperature-entropy 
problem — but the general principle which it discloses holds for all 
temperature-entropy problems. The example of Pig. 339 is simple 
because the temperature AB remains constant during the heat transfer. 
Except during changes of state (Fig. 339 for example) and during iso- 
thermal expansions, the temperature does change while heat energy is 
being transferred, as heat- When the temperature changes during 
heat transfer, the line on the corresponding temperature-entropy graph, 
which corresponds to the line AB Fig. 339, is not generally straight but 
becomes a curve. This is further explained hereinafter. 

371. A Good General Definition of Entropy Change is 

heat-energy transfer to or from a substance j per degree of average 
absolute temperature. By heat-energy transfer^' is here 
meant energy which is transferred, as heat^ from the substance 
to some external object, energy which is transferred, as heat^ 
from some external source to the substance, or heat which is 
transferred within the substance itself due to friction of the 
substance- As is explained in the following note, entropy 
does not recognize heat energy which is due to external work. 
Also, the ^'average absolute temperature,’’ as will be shown, 
must be determined in accordance with certain rules; it is 
the average of all of the absolute temperatures to which the 
substance has been subjected- It is not merely the mean of the 
initial and the final temperatures. 

Note. — Entbopy Is A Property Of Substances And Does Not 
Change When Internal Energy Is Transformed Into External 
Work. — I f the substance at some definite condition is assumed as a 
starting point, it can be proved that, in passing to a second condition 
during a condition change, the entropy change will have a certain value, 

. regardless of how the change was effected. This would not be true of 
the work done or heat added during the change. Since entropy change 
is dependent only on the initial and final conditions of the substance, it 
follows that entropy is a property of the substance. 
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Now, when internal energy is transformed into external mechanical 
work during a frictionless adiabatic (or isentropic, Sec. 385 ) condition 
change (no heat being interchanged between the substance and external 
objects, and no heat being generated by friction of the substance), there is 
no entropy change because there is no heat transfer. But, since internal 
energy is transformed into external work, the total heat (Sec, lOS) of the 
substance must be reduced. Hence, entropy does not recognize heat 
energy which is due to external work. 

372. Entropy Is Imperceptible To The Senses; its effects 
cannot be measured with instrtiments. Entropy values can 
be determined only by computation. The values of all other 
thermal properties of substances, such for example as tem- 
perature and pressure, can be measured with instruments. 
For these reasons, the significance of entropy may be difficult 
to understand. But if an entropy value is thought of merely 
as a previously determined multiplier, factor, or coefficient, 
which varies with the thermal condition of a substance, then 
the entropy idea should give no trouble. It is really not 
necessary — but it is desirable — ^to understand what entropy 
is, in order to use entropy values. In practice, values for 
entropy changes are usually taken from vapor-property 
tables (which practically always give entropy values for 1 lb. 
of the substance) ; for examples see Tables 394 and 395. 

Note. — Aisty Substance Which Contains Heat Wile Have 
Enthopy, — However, it is a fact that the Entropy idea is employed most 
frequently in connection with discussions of the thermal performance of 
gases and vapors — for which reason the treatment of entropy for the 
present book is included in this division. Another reason for the intro- 
duction of this treatment here is that it is desirable to understand 
“entropy” before using the entropy values 'which are given in the follow- 
ing tables of vapor properties. 

373. The Principal Uses Of Entropy are: (1) It renders 
possible the representation as an area on a graphs the heat 
energy which is transferred^ as heat, to or from a substance. The 
diagrams (see Fig. 339-I/J and following similar illustrations) 
which represent heat as an area are called temperature-entropy 
diagrams. These diagrams are useful in picturing the heat- 
energy transfers and cycles (see I>iv. 12) which occur in an 
engine or during any desired vapor or gas process; they provide 
a graphic presentation of the ideas which are involved and 

22 
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relieve the mind of the necessity of holding, or of endeavoring 
to follow, a multitude of simultaneous conceptions. Tem- 
perature-entropy diagrams are ordinarily of little or no use 
to the practical operating engineer. (2) It renders possible 
the plotting of heat-entropy charts (Fig. 343) and temperature- 
entropy charts. From these charts the values of the various 
properties of the vapor, as the values change during friction- 
less adiabatic (isentropic) expansions, (Sec. 385) may be 
read directly. These changes in properties could not be plot- 
ted in this way on the charts without employing entropy — 
and they could not be determined except from the charts or by 
employing entropy without many complicated calculations. 

374. The Absolute Entropy Of A Substance at any condition 
would be the total heat energy transferred to it, as heat, per 
degree of average absolute temperature to bring it to that con- 
dition. This degree of average absolute temperature^’ 
would be the average of all of the absolute temperatures which 
the substance experienced from the condition of zero heat 
content up to the temperature of the stated condition. But it 
is impossible to determine the absolute entropy of a substance 
— ^in fact, it is always infinite — because nothing definite is 
known concerning the total heat contents of substances, or 
of their specific heats at very low temperatures. However, 
this does not affect th^ usefulness of entropy. In practice 
it is, as will be shown, changes in entropy at the temperature of 
practice that are always of interest, rather than absolute 
entropy. Only changes of entropy enter into heat transfers. 

Note. — The Zero Of Entropy, In Dealing With Vapors, is 
arbitrarily taken as the absolute entropy — ^whatever it raay be— 
of the liquid substance at 32° F. That is, the change that the entropy 
of a vaporous substance undergoes during any process wherein its condi- 
tion is changed from the liquid state at 32° F., is said to be its entropy at 
the end of the process (at its final condition). The liquid state at 32° F,, 
since it has been taken as the starting point or arbitrary zero of heat con- 
tent (Sec. 108), is also for this reason a very convenient starting point 
for the measurement of entropy. Understand that this 32° F. is, for 
entropy, also an arbitrary or selected starting point. 

Note. — '‘Absolute Entropy’' Should Not Be Confused With 
“Total Entropy.” — Total entropy (symbol n£> or n^), as given in the 
vapor-property tables, is generally understood to mean the sum of the 
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ent7'opy per pound oj the liquid, nx,; the entropy per pound of vapovizcdion, 
XI V I and. the entropy per pound of superheat, rL^ if any — all measnredl 
from the arbitrary zero as stated above. Two or all three of these entropy 
values are usually given in tables of vapor properties; see Table 394 for 
example. 

376. The ^‘Change In Entropy’^ Of ASubstancOi between two 
thermal conditions, is the heat energy transferred to the szibstance, 
as heat, per degree of average absolute temperature between the 
two conditions. Or, in other words: The change in entropy 
between two thermal conditions is a value such than when it is 
multiplied by the proper average of all of the absolute tempera- 
tures which the substance experienced during the heat transfer 
between the two conditions, it will give as a product the total 
heat energy added to or abstracted from the substance — as 
heat — during the transfer. See also the notes and explana- 
tions below. 

376. The General Formulas For Entropy Change during a 
heat transfer (their derivation follows from the definitions 
given in Sec. 375) are: 


(255) 


(B.t.u. per lb.) 

or 



(256) 


(B.t.u. per lb. per avg. abs. ® F.) 

and 



(257) 

n 

(average abs. ^ F.) 


Wherein : Q == heat-energy change, as heat, per pound of the 
substance during the heat transfer. == average absolute 

temperature, during the heat transfer; that is; the average of 
all of the absolute temperatures to which the substance has 
been subjected during the transfer, n = change in entropy 
during the heat transfer. Note that Q may be expressed in 
any heat-energy unit and that may be expressed in any 
absolute-temperature unit, then the entropy change, n, will 
be in terms of the quotient of these two units. But when Q 
is in British thermal units per pound and is in average 
absolute degrees Fahrenheit, then n will be in British thermal 
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units per pound per average absolute Fahrenheit degree, as 
indicated after each of the above equations. 

Note. — Entropy Recognizes Only Energy Which Is Added Or 
Abstracted As Heat — because of the definition of entropy. It does not 
recognize energy which is added to a substance by mechanical work being 
done on the substance, in spite of the fact that such energy may ulti- 
mately be converted to heat within the substance. Nor does entropy 
recognize energy which is lost from a substance by virtue of the doing of 
mechanical work by the substance. Thus, during the frictionless adia- 
hatic isentropic, Sec. 385, expansion or co7npressio7i (Sec. 388) of a vapor 
or a gas there is no change of entropy of the vapor or gas. If mechanical 
work is done in compressing a gas, adiabatic ally and without friction, 
the temperature of the gas wall be increased thereby but the entropy of 
the vapor or gas will not be changed during the process, because no heat 
energy is added as heat. Similarly, when a vapor or gas expands adia- 
batically and without friction it will do mechanical work but there will be 
no change in entropy because in the process no energy has been lost as 
heat. (It is apparent then that entropy recognizes only vibration heat. 
Sec. 97, and disgregation heat, Sec. 98; it does not recognize external- 
work heat.) 


377, How The Value Of The Change In Entropy For A Heat 
Transfer May Be Determined will now be explained in con- 
nection with Fig. 340. Entropy-change values seldom, if 
ever, have to be thus computed in practice because they are 
given in the vapor tables. The following approximate method 
is presented only to insure that the reader may have a better 
conception of the entropy idea. It is not given as a method 
to be followed in practice. 

Explanation. — For simplicity consider 1 lb. of a substance which is 
assumed to have a specific heat of 1.^^ Assume that it is heated from 
32° F. (492° F. abs.) to 352° F. (812° F. abs.). Assume that the state of the 
substance does not change. It will be shown (Fig. 340) how the entropy 
of this substance increases as the heat energy is added to it, as heat, in 
10 B.t.u. increments. The first 10 B.t.u. of heat which is added will, 
since the specific heat is ‘‘1” raise its temperature by 10° or from 492° F. 
to 502° F. abs. as indicated at Z>, Fig. 340. Now, by For. (256): n — 
Q/T^. The heat energy added, Q, is 10 B.t.u. During this addition, 
the average absolute temperature may, since the increase in temperature 
for each increment is small, be taken as (initial tejnperature -f final 
temperature) j for each increment. Hence: = (492 + 502) 2 = 

497° P. abs. Therefore, n = 10 -s- 497 = 0.020,1 B.t.u. per lb. per avg. 
° F. abs. Now the distance AC is made to scale equal to 0.020,1. The 
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area, 1, (Fig. 340) will then be equivalent to the 10 B.t.u, of heat whicb 
was added — because: 0.020,1 X 497 = 10 BXu. 

Similarly, the next heat-energy addition of 10 B.t.u.. which will raise 
the temperature of the substance from 502 to 512° F. abs., will be repre- 
sented in Fig. 340 by the area 2. Thus: n == Q/T^ = 10 [(502^ -j- 

512.) ^ 2] = 10 -r* 507 = 0.019,7 B.t.u. per lb. per az^g. ° F. abs. There- 
fore, area 2 is layed out 0.019,7 entropy units wide. 

In lilve manner, the change in entropy due to each successive 10- 
B.t.u. heat-energy increment can be found and plotted on the graph. 


r502^ 



Now note that while the areas of each of the strips 1,2,3 . . . 31, 32 
are equal, and that each is equivalent to a heat addition of 10 B.t.u., the 
widths of the strips decrease toward the right. It is obvious that this 
decrease is necessary because, since the heights (temperatures) of the 
strips increase as heat is added, the widths of the strips must decrease 
if their areas are to be all equal. The total entropy change for this 
total heat addition of 10 X 32 — 320 B.t.u. is 0.5 B.t.u. per avg-"^ F. 
abs., as shown by the distance AB. 

It should be understood that the method above described is an approxi- 
mate one. Its degree of accuracy is determined by the smallness of the 
heat increments — ^the smaller the increments the more accurate the 
result. By applying the calculus the heat increments may be made 
infinitely small, whereby the entropy change can be determined with 
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absolute accuracy. The small error which results from the application of 
the method of Fig. 340 is due to the assumption that the short line con- 
necting any two temperature increment points on the curve DE, is a 
straight line — ^whereas actually it is a curve. 

— Change In Entropy For Change Of State is exactly equal 
to the heat transfer divided by the absolute temperature at which the 
change of state occurs. This follows since the temperature always 
remains constant (Sec. 96} during a change of state, under which condi- 
tion the “average temperature must equal the constant temperature 
which obtains during the change. That is, for a change of state: 

(258) (B.t.u. per lb. per °F. abs.) 

378. Temperatxxre-entropy Diagrams Show Heat Energy 
As An Area. — In the temperature-entropy diagram for steam 
shown in Fig. 341, all of the heat-energy transfers required 
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Fia. 341. — TemperaturC'entropy diagram showing the heat energy which must be 
added to change 1 lb. of ice into 1 lb, of superheated steam, comprising: (1) Heating the 
solid. (2) Melting the solid. (3) Heating the liquid. (4) Vaporizing the liquid. (5) 
Heating the vapor, called “superheating.” 

to change 1 lb. of ice from near absolute zero ( — 460° F.) into 
steam at a constant pressure of 300 lb. per sq. in. abs. and then 
into superheated steam at 1,278° F. abs. are shown. The 
plotted values are taken from Steam Tables 394 and 395. 

Explanation. — ^At absolute zero the ice would contain no heat. 
If heat is transferred to the ice its temperature increases, the relation 
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being shown by the path OA. The area, 1, under this path, OA, repre- 
sents the amount of heat-energy transfer required to heat the solid ice to 
the temperature at A. When A is reached, which is at 32° F. (492° F. 
abs.) any further addition of heat does not increase the temperature of 
the ice but causes it to melt ^to change state. This melting continues 
until all of the ice is melted and the point, B, is reached. The area, 2, 
under AB, represents the amount of heat transfer required to melt the ice. 

The addition of more heat causes the temperature of the substance — 
now water — ^to rise again at such a rate that the area under any portion 
of BC, as B'BTT' , represents the heat energy added during the change 
in temperature from 32° F, to the temperature T. The area, 3, under BC 
represents the heat-energy addition which was necessary to raise the 
temperature of the water from 32° F. to 418° F., or 878° F. abs. — ^which 
temperature is that of steam at a pressure of 300 lb. per sq, in. abs. This 
area 3, therefore, represents the heat of the liquid for steam at the pres- 
sure 300 lb. per sq. in. abs. After the temperature C is reached, which is 
the boiling temperature of the water for the 300 lb. per sq. in. pressure 
exerted upon it, any further addition of heat does not increase the 
temperature but again changes the state; it vaporizes the water into 
steam. Point D is reached when all of the water has vapwDrized. The 
area, 4, under CD represents the heat-energy addition necessary to 
vaporize the water — ^latent heat of vaporization. Now, as more heat is 
added to the steam (which is under constant pressure), its temperature 
increases following the curve, DE. The area, 5, under DE, represents 
the heat-energy addition required to superheat the steam at a pressure 
of 300 lb. per sq. in. to the temperature E which is 1,278° F. abs. If more 
heat energy is added to the steam, the curve DE will continue to rise until 
the steam begins to dissociate into its component elements, hydrogen 
and oxygen. 

379. In Engineering, Only A Portion Of The Complete 
Temperatiire -entropy Diagram Is Used, as shown in Fig. 
342. Since in engineering we are not concerned with vapors 
in the solid state only a part of the complete temperature- 
entropy diagram, which is shown in Fig. 341, is necessary 
to represent the heat transfers of vapor practice. The part 
which is most frequently used is that to the right of in 

Fig. 341 or that shown in Fig. 342, that is only that part which 
concerns temperatures above the melting point. 

JExPLA]NrATi 03 sr. — In both illustrations, (Figs. 341 and 342) the 
same path is shown: BCDE. The area BC DEEDS' under this path 
represents the total heat energy required to change water at 32° F. to 
highly superheated steam (under a constant pressure of 300 lb. per 
sq, in. in abs.). This area represents the total heat as given in Steam 
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Table 395- The line BHJL (Fig. 342) represents the temperature- 
entrop 3 " path under a different pressure, 50 lb. per sq. in. abs. When 
more than one heating process is represented on the temperature-entropy 
plane, the resulting figure is called a chart Such paths as BHJL and 

BCDE are called constant-pres- 


sure lines. The chart shows 
that, for different pressures, the 
heat of the Uquidy the latent heat 
of vaporization, and the heat 
required to superheat, all are 
different. 

Note. — ^The Ctjbved Tine 
DM Is Called The “Dbt 
Steam Line"' (Fig. 342). It 
connects all points in the 
various constant-pressure lines 
which represent dry steam at 
the various temperatures (pres- 
sures). The water line, BC, 
and DM would intersect at the 
critical temperature, if they 
were extended upward. It 
should be remembered that 
this line DM is used for 
convenience to connect dry- 
saturated- vapor points; strictly, it is not a part of the temperature- 
entropy diagram and does not represent a physical process. 

Note, — The Tine CD Is Not Only A ^‘Constant Temperatuee 
Tine’’ But Is Also A Constant Pressure Line” (Pig. 342). To the 
right of the point D the constant pressure line is not horizontal but is a 
rising curve, since at D the steam starts to become superheated. 



Fig, 342. — ^Temperature-entropy chart for 
1 lb. of steam. 


380. The Values For The Entropy Of Vapors At Different 
Conditions Are Given In The Vapor Tables (Table 394) 
with the other vapor properties. Besides the total entropy there 
is also usually given the entropy of the liquid and the entropy of 
vaporization. The entropy of the liquid is graphically repre- 
sented by the distance (Fig. 342) and the entropy of 
vaporization by the distance Uv, for the given pressure. The 
total entropy for dry saturated steam is represented by the sum 
of the two or by the distance 72^. The total entropy of super- 
healed vapors is given in the tables of superheated vapors 
(Table 395) and is represented by nrs in Fig. 342. The 
entropy of superheat (n^, Fig. 342) for a given degree of 
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superheat can be obtained by subtracting the entropy of dry 
saturated vapor, which is at the same pressure as the super- 
heated vapor, from that of the superheated vapor. 

381. Xhe Total Entropy Eor A Wet Vapor Cannot Be 
Obtained Directly From The Vapor Tables. — It can, however, 
be calculated when the quality of the steam is known by the 
following formula : 

(259) Uw = Ux, + xnv (B.t.u. per lb. per avg. abs. ® F.) 

Wherein: npT = total entropy for 1 lb. of wet vapor, n^ == 
entropy for 1 lb. of liquid at the same pressure, as taken from 
the vapor-property table, nr = entropy of vaporization for 
1 lb- of vapor at the same pressure, as taken from the vapor 
property table, x = quality of the vapor expressed decimally. 
The application of this formula is illustrated in following 
Probs. 4 and 5, see appendix for solutions. 


DERiVATioisr. — In. any temperature-entropy diagram showing the 
vaporization of a liquid : Entropy change of vaporimtion — {Latent heat of 
vaporization) -f- {Absolute temperature). Thus in Fig. 342, nr = {Latent 
heat of vaporization of the dry steam) {Ahsolvie temperature). When the 
vapor is wet all of the latent heat of dry steam is not used but the tem- 
pefature remains the same as that of dry steam. Hence, when the vapor 
is wet, the entropy change of vaporization will be less than that for dry 
steam and D will (Fig. 342) move to some point X. Consequently, 
fox wet steam; The Entropy change^ CX = {Latent heat of vaporization 
of wet steam) {Absolute temperature). Since, as stated above and as is 
evident from Fig. 342, the Absolute temperature^^ is the same for both 
of the two above equations, it is evident that: 

— huieni heat of the wet steam 
^ ^ nr Latent heat of the dry steam 


Now (see Sec. 366) if x represents the quality expressed decimally, then: 


(261) 


Latent heat of the v et steam 
Latent heat of the dry steam 


Hence, substituting in For. (260) the equivalent from For. (261) 
there results: 

ry-Y 

(262) == x; or, CX = xhf 

nr 


Now, as is evident from Fig. 342, the total entropy change of the wet 
vapor, which will be here designated by nwi equals the sum of n^ -|- 
CX. That is; 


(263) 


= nz, + CX 



346 PRACTICAL HJEAT [Div. 11 

Now, substituting in For. (263) the equivalent for CX from For. 
(262), there results: 

(264) tiw = siL + xnr 

Which is the same as For. (259). 

Note. — The Quaeitt Caist Be Detekmined, If ny Aism Are 
Knowk. — For, by transposing For. (259), we obtain: 

(265) (decimal. ) 

This is the relation which is useful in determining the quality of a vapor 
after a frictionless adiabatic (isentropic) expansion. In a frictionless 
adiabatic expansion npr is known and can be found from the vapor 
tables. The quality can also be obtained directly from the chart of 
Fig. 343. The application of this formula is illustrated in following 
Prob. 5; see appendix for solution. 

382. The ^‘Temperature-entropy’’ And The “Mollier” 
Or “Heat-entropy” Charts Are Graphs Which Show The 
Principal Properties Of A Vapor; see Fig. 343. Thus, the 
properties of a vapor can be represented on a graph for which 
entropy and temperature, or entropy and some other prop- 
erties are’ employed as coordinates. These charts are 
especially useful in frictionless-adiabatic-expansion calcula- 
tions, The employment of entropy in plotting these charts 
is, as explained in preceding Sec. 373, its most important 
practical application. The temperature-entropy chart is 
merely a combination of many temperature-entropy diagrams 
as shown in Fig. 341. The Mollier diagram or heat chart 
(Fig. 343) uses entro'py and total heat content as coordinates 
and, since in practical computations the total heat-content 
is generally, desired, this is the most frequently used and the 
more convenient chart. From it the heat content, in British 
thermal units, can be read oF directly. The heat-entropy 
chart resembles the temperature-enti'opy chart; it has the 
same lines only they have a different slope. It is, as is 
explained below, plotted in a manner similar to that employed 
for the temperature-entropy chart. In steam practice only 
the upper right-hand portion of a diagram such as that of 
Fig. 344 is needed in calculations; therefore, this is the only 
portion reproduced in the practical charts. 

Explanation. — A He ax-entropy Or Mollier Chart May Be 
Constructed In The Following Manner. — For this chart (Fig. 343), 
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total heat laaad e?ntropy are the two coordinates used and they should be 
plotted at ^ii^ht angles. Fig. 344 illustrates the process. The plotted 
values are from Steam Table 394. When the heat content is zero, the 



entropy is zero. The usual practice of assuming an ^ 

datum for heat content and entropy, at 33 F. ^ ** ,tarts at 

lowed- Thus, the state of zero entropy and zero heat content s 
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O (Fig. 344), with, water at 32° F. As heat is applied the entropy 
increases, the state point moves along the liquid or water line OA which 
is similar to that of the temperature-entropy diagram, BC Fig. 342. 
This line, OA, is obtained by plotting the heat-of-the-liquid values against 
the corresponding entropy-of-the-liquid values, as obtained ' from Steam 
Table 394 for various pressures. "V^Tien evaporation begins as at A, the 
entropy increases in direct proportion to the heat added, so the evapora- 
tion line AB is straight. The point B is obtained by plotting the value 
of the total heat of dry saturated steam at 300 lb. per sq. in. abs. against 
the value of the corresponding entropy; both values are from Steam 
Table 394. During superheating, the entropy increases from to C but 



Fia. 344. — ^Showing how a heat-entropy or Mollier chart for steam is constructed. 

not in direct proportion to the heat added, so the line BO, has a slight 
curvature. The line BC is obtained by plotting the values of the total 
heat of superheated steam against the corresponding entropy values for 
various degrees of superheat, but all at 300 lb. per sq. in. abs. pressure. 
These values are all obtained from Steam Table 395. The path followed 
OABC is the line of constant pressure. 

Other constant pressure lines may be similarly drawn, such as ODEF 
and OGHJ. The points E, and H, which represent dry saturated 
steam on the various constant-pressure lines, are then connected by the 
line BH. This line is the 100 per cent, quality line or saturation Zme. 
It is the dividing line between the wet-steam region, the area below it, 
and the superb eated-s team region, the area above. 

The point, K, is chosen on the line AB so that the distance AK, divided 
by the distance AB equals 0.90; similarly, points are located on the other 
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constant-pressure lines. These points are then connected by the line 
KLf which is the 90 per cent. constmiUqualUy line. Other constant 
quality lines may be drawn, such as MN, 

Lines connecting points all of which have the same degree of super- 
heat but which are located on the different constant-pressure lines are 
called lines of constant superheat. Such a line for 100° superheat is shown 
at PQ, 

Horizontal lines on Fig. 344 represent constant heat content, and 
vertical lines constant entropy. Frictionless adiabatic (isen tropic) 
processes are represented by the latter (see Sec. 385). The upper right- 
hand portion of Fig. 344, which is shown cut out by the dotted lines, is all 
that is reproduced in a practical heat-entropy chart (Fig. 343) because 
the remaining portion of Fig. 344 would never be used. Lanes of constant 
volume may be, but seldom are, plotted on the same chart with the 
properties of Fig. 344 because too many lines on one chart make it difficult 
to read. 

383. There Are An Infinite Hu m ber Of Ways In Which A 
Vapor Can Expand Or Be Compressed just as there are an 
infinite number of in which a gas can expand or be com- 



\.9 1,0 2.) 11 13 1.4 
E n t r 0 p y 
I- A. d 1 a ba ti c 


1.0 2l 11 2.3 1.4 
Entropy 
Iso the r moil 


1.9 1.0 1.1 21 1.3 1.4 
E n t r o p y 
MrConst. Pressure 


(No Heoit Energy \ (Heat Energy TranS“\(Heat Energy Trans- W Heal 
\ Transfer / \ fer= A.rea AECD ;\fcr=AreCT EFGH / \ fer 


9 1.0 1,1 1.1 1.3 1.4 
Entropy 
ISC- Const, Volume 
( Heat Energy Troins-l 


A,rea IJKL 


Fig. 345. — Showing characteristic temperature-entropy graphs for adiabatic (isentropic). 
isothermal, constant-pressure, and constant-volume processes. 


pressed (Div. 8). Of this infinite number, only three ideal 
ways (Fig. 345), a knowledge of which is useful because close 
approximations of them occur in practical heat phenomena, 
will be treated here. 

ISTotb. — In' a Sense It May Be Considered That There Are Only 
Two Fundamental Ways In Which A Vapor Or Gas Can Expa-nd. 
(1) Isothermal or at constant temperature, Fig, 345-/1. (2) Isentropic^ 
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Sec. 385 or at constant entropy, Fig. 345-7. All other expansions lie 
somewhere between these two as limits and all others, may in a sense be 
considered as the simultaneoxis occurrence of these two in various com- 
binations. The slope of any expansion line, as FG (Fig. 345), is deter- 
mined by the specific heat of the substance under the given conditions. 

384. The Expansions Of Vapors, Close Approximations 
Of Which Ordinarily Occttr In Practice are: (1) Frictionless 
adiabatic {imntropic) expansion^ (2) Constant-pressure expan- 
sion. (3) Constant-heat-content expansion or throttling. These 
are ideal ways of expansion for various processes and while 
they are in these certain processes generally closely approxi- 
mated in practice, they are never actually obtained. The 
characteristics of these ideal expansions are given in the follow- 
ing sections. 

Note. — ^The Line Op Constant VoltUme, sometimes called the con- 
stant-volume expansion line JK^ Fig. 345-7 F, does not really represent 
an expansion since no change in volume takes place. However the area 
IJKL does represent the heat-energy transfer necessary to raise the tem- 
perature of the vapor from J" to iT at constant volume. This line, JK^ 
is the dividing line between compressions and expansions. Any line 
drawn through a point, as J, so that if falls (no matter what its direction) 
to the lower right of the constant volume line JK represents some 

expansion process. Likewise 
any line through J falling to 
the upper left of JK represents 
some compression process. Any 
number of both such lines are 
possible for various expansion 
and compression processes. 

385. An Isentropic Or 
Frictionless Adiabatic 
Expansion Of A Vapor is 
that expansion in which 
(Fig. 346), the entropy of 
the vapor remains con- 
stant ; it is a constant- 
entropy expansion. On a 
temperature-entropy diagram (or on a heat-entropy dia- 
gram), it is represented by a vertical straight line (MN, 
Fig. 345). During this expansion the vapor does mechanical 
work but receives or gives off no heat energy, as heat, from or 





Pia. 346. — rtepresenting an adiabatic isen- 
tropic expansion of water vapor — steam, (The 
expansion is rapid. Work is done by piston P. 
The insulating material prevents transfer of 
heat, as heat, during the expansion. An indi- 
cator, J, gives a deflection proportional to the 
pressure.) 
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to external sources or due to internal friction during ttie expan- 
sion. This expansion corresponds to the frictionless adiabatic 
expansion of a perfect gas as defined in Sec. 272. An isentropic 
expansion is often called simply ^^an adiabatic^' expansion, but, 
strictly speaking, this term is not correct. The term '' adia- 
batic may mean a whole family of changes in which no heat 
transfer to or from external objects takes place; the isentropic 
expansion is but one of these. The isentropic expansion is 
generally assumed as the ideal Jar vapor engines (Div. 12) 
because, as shown below, it is the expansion during which the 
greatest possible amount of the heat energy in a substance at a 
given temperature is converted into external work. Isentro- 
pic expansions are approached in the steam-engine cylinder 
and in the steam-turbine nozzles. 
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Explanation. — That the maximum heat energy will be converted into 
mechanical work by an isentropic adiabatic expansion will be evident 
by referring to Fig. 347. The line AB represents, to scale, the isentro- 
pic expansion of 1 cu. ft. of dry 
saturated steam at 308® F. until its 
temperature falls to 162® F. By Sec. 

262, (Division 8) the shaded area 
under AB represents the work done 
by the steam during its expansion. 

Suppose that another expansion, dur- 
ing which heat is abstracted from the 
steam, is represented by another line 
AC, Then AC must fall to the left 
of AB because, at any pressure during 
the expansion the quality of the steam, 
and hence the volume, will be less 
than during the isentropic expansion 
— ^because of the extracted heat. 

Hence the area under any such ex- 
pansion graph (shaded dark) will be 
less than that under AB — less work will be done than by the isentropic 
expansion. The only way that the expansion graph could be made to 
fall to the right of AB would be by adding heat during the expansion 
process. As will be explained (Div. 12), this would be a less efficient 
process. Therefore, the isentropic expansion is often taken as an 
“ideaT^ in heat-engine calculations. 

Note. — The Condition Changes Which Accompany Isentkopic 
Expansions Of Vapors may be road from their temperature-entropy 
diagrams which show that constant-entropy or isentropic expansion of 


Fig. 347. — Pressixre-voluzae graphs 
shovdng that an isentropic expansion 
extracts (as external work) more heat 
than any other expansion during which 
no heat is added to the substance. 
The graphs are drawn for steam ex- 
panding to 162® F- from the dry 
saturated condition at SOS'® F. 
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dry vapor causes wetness; of superheated vapor, causes loss of superheat; 
and of very wet vapor causes drying. Thus, from Fig. 342, it is evident 
that the isentropic expansion of dry saturated water vapor (steam) from 
any pressure, as for example downward along DD', will result in wet 
steam (Sec. 355). This is because any point below the saturation line^ 
T>Mj lies in an area which represents wet steam. It is also similarly 
evident that the isentropic expansion of superheated steam at any 
pressure and degree of superheat, such as represented by a path downward 
along EE\ results in a loss of superheat and If the expansion is continued, 
wet steam will likewise result. For wet steam with a quality less than 
about 50 per cent., the quality lines (Sec. 382) slope in the same general 
direction as the water line, BC. Hence, if an isentropic expansion starts 
with very wet steam (a quality of less than about 50 per cent.) drier 
steam will result. That is, following downward along the ^ line CC* 
(Fig. 342), the quality of the steam increases. Ether is an exception to 
the first two of the above statements in that the isentropic expansion 
of its dry vapor causes superheat and the isentropic expansion of its 
superheated vapor causes greater superheat. 

Note. — ^T o IDeterminib From The Heat-eisttropht Chart, Fig. 
343, The Quality Op Steam After Isentropic Expansion, proceed 
thus. Suppose it is desired to find the quality of superheated steam after 
isentropic expansion from a pressure of 200 lb. per sq. in. abs^ and at 200® 
F- superheat to a pressure of 1.5 lb. per sq. in. abs. Start at the inter- 
section of the 200 lb. per sq. in. abs. constant pressure and 200® F. 
superheat lines. Then follow vertically down the constant-entropy line 
until the 1.5 lb. per sq. in. abs. constant-pressure line is reached. The 
point thus located is between the 84 and 85 per cent, constant quality 
lines. The distance between the point and the 84 per cent, constant 
quality line is about of the total distance between the 84 and 85 per 
.cent, constant-quality lines. Thus the quality — 84J^ or 84.4 per cent. 

386 . Constant-pressure Expansion (Fig. 345-7//), as the 
name implies, is expansion against a constant pressure. This 
is the expansion that takes place in a boiler when water is 
vaporized. It also takes place in a superheater where vapor 
is heated at constant pressure. It occurs in the cooling coil 
of a refrigerating plant. But the cooling coil in a refrigerating 
plant is analogous to the boiler and superheater in a steam 
plant, since in it the liquid absorbs heat from the room or body 
which is to be cooled. 

387 . Constant -heat Expansion (Fig. 348) sometimes called 

wire-drawing^^ or ^Hhrottlingj"'^ as the name implies, means 

expansion during which the heat-content of the vapor does 
not change. It occurs when a vapor expands from a high- 
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prsssiir© ttiroiigti a, small craclc or orific© to a lowor prcssuro 
SO that the only mechanical work done is that expended in 
overcoming friction. But this friction work merely heats the 
orifice and surroundings so the heat thereof is reabsorbed by 
the vapor. Thus the heat 
content per pound of vapor 
is the same after expansion as re mplf&tu, 

before expansion. 

Examples. — This constant-heat 
expansion occurs in the throttling 
calorimeter (Sec. 392). It takes 
place also to some extent in under- 
si 2 ied pipes and partly opened 
valves. It cannot be used ad- 
vantageously in engines since in it 
no heat is converted into work. It He&f 

is employed in refrigeration (Sec. pig. .348.— Conatant-heat or Joule- 
032) where the pressure on the Tiiompson espansioxit also caUe<l wire 
refrigerant is lowered by permit- drawing and throttling. (The steam passes 

ting the refrigerant liquid which high-pressure, Gu and tempera- 

. , ■••I . -1 ture, Ttf conditions in, A, to the low- 

IS under high, pressure to expand pressure, O,. aud temperature, r., eondi- 
through an orifice into a space tions in B, without loss of heat content, 
where the pressure is much lower. 

388. Compression Of Vapors Occurs Ordinarily In One Of 
Three Ways 5r in some combination of them: (1) Isentropic or 
constant-entropy compression. (2) Isodynamic or constant- 
internal energy compression. (3) Constant-pressure coryipression. 
As with the expansion of vapors (Sec. 383) there are an infinite 
number of ways of compression. Ise7itropic compression is the 
reverse of isentropic expansion. In it, the largest possible 
amount of mechanical work is changed into heat energy but 
no heat is added to or abstractedfromthe vapor as heat. Thus 
the internal energy of the vapor is increased. Since in vapor 
compression it is not desired to change a maximum of mechani- 
cal work into heat, but instead to change a minimum of 
mechanical work into heat, adiabatic compression instead of 
being an ideal compression is the least desired of all compres- 
sions. Isodynamic compression is that compression during 
which the internal energy in the vapor remains constant. This 
may (theoretically but not practically) be obtained by absorb- 
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ing heat from the vapor with cooling water at the same rate 
as the mechanical work is done. It is the ideal compression 
for refrigerants as the mechanical work done during it in the 
compression from one state to another is less than that done 
during any other compression. Constant-pressure compression 
is the reverse of constant-pressure expansion; it is compression 
or contraction which occms at constant pressure. This 
compression takes place in a condenser when a vapor is 
condensed. 

389. The Energy Relations During An Isentropic Process 

may be found from the following formulas which are derived 
as shown below. The pressure-volume relations may be 
computed from values found on the constant-entropy line 
on the total heat-entropy chart (Fig. 343). The energy 
relations are: 

(266) Q = 0 , (heat added) 

(267) Qj == I 2 “ Ii (B.t.u. per lb.) 

(268) We = 778 (Ii — I 2 ) (ft.-lb. per lb. of vapor) 

(269) We = 778 (Hi - H2)+144(P2F2 - PiFi) 

(ft.-lb. per lb. of vapor) 

Wherein: Q = the heat added during the process. We 
= the external work done by the vapor during the process, 
in foot-pounds per pound of vapor. Qj = the change in 
internal energy during the process, in British thermal units 
per pound of vapor. Ii and I 2 == respectively, the internal 
energy of the vapor at the beginning and end of the process, 
in British thermal units per pound. Hi and H 2 — respectively 
the heat contents of the vapor at the beginning and end of the 
process, in British thermal units per pound. Pi and P 2 = 
respectively, the pressures of the vapor at the beginning and 
end of the process, in pounds per square inch absolute. 
Fi and F 2 = respectively, the specific volumes of the vapor 
at the beginning and end of the process, in cubic feet per pound. 

Derivation. — Since, by definition, no heat is added to or abstracted 
from the substance during an isentropic process. For. (266), which 
expresses this fact mathematically, must hold. Now, by For. (58), for 
any condition change 
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Q ~ Qi + (B.t.u.) 

Hence, by combining Fors. (266) and (270), there results 

(271) 0 = Qj -1- (B.t.u.) 

or, by transposing 

(272) (B.t.u.) 
Now, it is evident that For. (267) expresses the value of < Hence, by 
combining Fors. (267) and (272), there results: 

(273) Qjs = (I 2 — Ii) = Ii — I 2 (B.t.u.) 

But, by For. (46), Wm = 778 Qjg?. Hence: 

(274) Wb = 778 (Ix - I 2 ) (ft.-lb.) 


Now, For. (249) gives the expressions for Ii and I 2 which, when substi- 
tuted in For. (274), give For. (269). 

Exaiviple. — How much work is done by 1 lb- of steam in a steam- 
engine cylinder during its expansion from 150 lb. per sq. in. gage (dry 
saturated) to 29.3 lb. per sq. in. gage? Assume that the expansion 
is isentropic- Solution. — ^From Table 394, for 150 lb. per sq. in. gage: 
Hx> = 1,195.0 B.t.u. per lb.; ii 2 > “ 1.561,5; Vjy ~ 2.753 cu. ft. per Ib. 
Also, for 29.3 lb. per sq. in. gage: h ~ 242.0 B.t.u, per lb.;B= 929.2 
B.t.u. per lb. ; = 0.400,2; ny = 1.268,1; Vd = 9.59 cu. ft. per lb. Now, 

since the entropy remains constant, the quality after expansion may 
be determined by For. (265), thus: x =: (npy — nz,)/ny *= (1.561,5 — 
0.400,2) 1.268,1 — 0.916. Hence, by For. (242), the total heat after 

expansion ~ Htf = h 4- xB =» 242.0 -f (0.916 + 929.2) = 1,093 B.t.u. 
per lb. Also by For. (245), the specific vulume after expansion — Vw — 
xFz, = 0.916 X 9.59 =- 8.78 cu, ft, per. Ih. Now, by For. (269), the 
worh done = TF:^ = 778 (Hi — H 2 ) + 144 (P 2 F 2 - PtVi') = 778 X 

(1,195 — 1,093) 4- {144 X [(44 X 8.78) - (164.7 X 2.753)]} = 793,500 — 
96,800 - 696,700 

Example. — How much work is done on 1 lb. of ammoqia vapor of 
quality 0.80 and at 30 lb. per sq. in. abs. in compressing it isentropically 
to volume? Solution*. — ^\^alues for the several properties are 

taken from Table 399. By For. (259), the entropy = tlw = nz, -f- xny 
— —0.070,9 4- (0-80 X 1.244,9) = 0.925,0. By For. (245), the specific 
volume before compression ^ Vw ~ xFjs = O.SO X 9.19 — 7.35 cu. ft. 
per lb. Hence, the specific volume after compression — F 2 = T^i/4 — 
7.35 -i- 4 = 1.838 cu. ft. per lb. By trial, using Fors. (247) and (259), 
it is found that a specific volume of 1.838 cu. ft. per lb. corresponds at 
at 80® F. to a quality of 0.949 and an entropy of 0.9S7,5rat 75° F. to a 
quality of 0.872 and an entropy of 0.921,0. Hence, the temperature 
after compression = 75 4- 5 [(0.925,0 — 0.921,0) (0.987,5 — 0.921,0)] 

= 75.3° F. Likewise, the quality after compression = 0.877 and the 
pressure after coinpression = 142 lb. per sq. in. abs. Hence, the total heat 
after compression^ by For. (242), = Hw = h 4- xL = 48. 3 (0.S77 X 

507.8) = 493 B.t.u. per lb. Likewise, the total heat before compression = 
Ilw= h 4- xL = —33.7 4- (O.SO X 572.2) = 414.1 B.t.u. per lb. There- 
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fore, by For. (269), the xooi'k done = Wb = 778 (Hi — H 2 ) 4- 144 
(F 2 F 2 - PiFi) = 778 X (414.1 - 493) + 144 [(142 X 1.838) ~ (30 X 
7.36)] — —61,380 4- 5,832 = —55,548 /i£.-Z&. Hence, the work done on 
the vapor == 55,548/^.46. 

390. The Energy Relations During A Constant-pressure 
Process are quite simple. Since total heats, Secs. 365 to 
367, represent heat additions at constant pressure they 
represent constant-pressure processes. Therefore, for con- 
stant-pressure processes the following formulas may be written: 

(275) Q - H 2 - Hi (B.t.u. per Ib.)- 

(276) Qi = I 2 — Ii • (B.t.u. per lb.) 

(277) = 144 P (Fa - Fi) (ft.-lb. per lb.) 

Wherein: Q — the heat added to the substance, in British 
thermal units per pound. Q/ = the change in internal energy 
during the process, in British thermal units per pound- TF^ = 
the external work done by each pound of vapor, in foot- 
pounds. Hi and H 2 ^ the total heats, respectively, at the 
beginning and end of the process, in British thermal units 
per pound. Ii and I 2 = respectively, the initial and final 
values of the internal energy of the vapor, in British thermal 
units per pound. P = the pressure of the vapor, in pounds per 
square inch absolute. Fi and F 2 = the initial and final 
specific volumes of the vapor, respectively, in cubic feet per 
pound. 

ExampliE.'”^ — H ow much work is done by 1 lb. of steam as it evaporates 
in a boiler at 350° F. and is superheated to 500° F. ? How much heat is 
added? Solution. — From Table 393, the specific volume of water at 
350° F. is 0.018 cu. ft. per lb. From Table 395, by interpolating, the 
volume of 1 lb. of superheated steam at 134.6 lb. per sq. in. abs. and 150° 
F. superheat is 4.15 cu. ft, per lb. Hence, by For. (277), the external work 
^ Wb ^ 144P(F2 - Fi) == 144 X 134.6 X (4.15 - 0.018) == 80,000 /i5.- 
Ih. Also, the total heat of the superheated steam is — 1,272.2 B.t.u. 
per lb. and, the heat of the liquid at 350° F, is 321.4 B.t.u. per lb. 
Hence, by For. (275), the heat added = Ha — Hi = 1,272.2 — 321.4 = 
950.8 B.t.u. per lb. 

Example. — How much heat must be abstracted from 1 lb. of dry 
saturated ammonia at 85° F. in condensing it to the liquid state and how 
much external work is done by the ammonia in condensing? Solution. 
— ^By Table 299, P = 167.4 lb. per sq. in. abs. Vd — 1.788 cu. fi. per 
lb. Fjt “ 0.027 cu. ft. per lb. Hi> — 557.9 B.t.u. per Ih. h — 59.4 
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B.t.u, per lb. Hence, by For. (275), the heat added = Q — Ha — Hi 
— 59.4 — 557.9 == —498.5 B.t.u. per lb.; or ^ the heat abstracted — Q « 
498.6 B.t.u, per lb. Also, by For. (277), the work done by the vapor — 
Ws == 144F(y2 - Fi) = 144 X 167.4 X (0.027 - 1.788) - — 42,450 /i. 
lb.; or, the work done on the vapor = — TF® == 42,450/^.-25. 

Note. — ^The Energy Heeations During Throttling And Isodt- 
NAAiic Processes are not required in engineering work. For a throttling 
process, as explained in Sec. 387, Q == 0, TFs = O, and, therefore, Qr — 0. 
For an isodynamic process, by definition, Qj = 0; hence Q = — TFjb/778. 

391. The Characteristics Of Water Vapor — Steam — Make 
It The Best Medium Of AH The Vapors For Transformmg 
Heat Energy Into Mechanical Work. — The water from which 
it is formed is the cheapest and most plentiful of all liquids. 



LQrf<snt Hz-Cft Of Vctporlziai'jon DizHvzrzol To Cono/e.nsIinQf }Yc^f-&r=' 

Fig. 349. — Latent heat of vaporization in steam-engine operation. (C = condenser. 
H <= hot well. 5 = sewer. V = vacuum pump. F = feed pump.) 

It is relatively non-corrosive and does not harm the interiors of 
boilers. The steam formed does not attack steel. It gives 
off no fumes that are harmful to the body. Another impor— 
tant property is that the water has a large latent heat of vapor- 
ization (see Sec. 323), almost twice that of any other vapor. 
This property of water makes it possible to transmit much 
heat (Fig. 349) with little liquid or vapor. The boiling 
temperatures of steam are fairly high with moderate pressures 
and since the efl&eiency of an engine depends on the tempera- 
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txire range through which it acts, this is a decided advantage. 
It is these characteristics of steam which have made it the one 
vapor used in preference to all others, for generating power. 

Note. — Drt Satttbatex) Or Superheater Steam Is Colorless 
Ane Transparejstt as are the colorless gases. The fog (Sec. 343) which 
one sees issuing from a steam exhaust pipe or from the mouth of a person 
in winter is really not steam. It is merely condensed water vapor — small 
particles of water — suspended for the moment in. the atmosphere. 

392. The Quality Of Steam Can Be Determined By Means 
Of A Throttling Calorimeter (Figs. 350 and 351), providing 
the steam is not very wet — the lowest quality determinable by 



a throttling calorimeter ranges from about 94 per cent, at 300 
lb. per sq. in. abs. to about 96.5 per cent, at 100 lb. per sq, in. 
abs. In plants using saturated steam, it is desirable to know 
the quality of the steam because the pressure alone does not 
determine its heat content. When a throttling calorimeter is 
used, a sample of the steam is obtained by means of a sampling 
tube, S (Fig. 350), extending almost across the steam main in 
which it is desired to determine the quality. The sampling 
tube has a uniform arrangement of small holes so that a repre- 


SeCo 393] 


STEAM AND OTHER VAPORS 


359 


Hi^h~Pressi4re 
Wet 5feam 


T hermomefer 
^ We/fs 


sentative sample is obtained. The admission of the sample 

is controlled by valve, F. The temperature of the incoming 

steam is measured by a thermometer Ti. The steam then 

passes through a small hole or orifice, O, in the center of a 

circular plate, into the chamber, C, (Fig. 351). The orifice 

is so small (about in. in 

diameter) that the steam pres- cotton waste.^ 

sure is reduced by it to prac- ^ f* 

tically atmospheric pressure- I'^t Sfecxm ^ I I jTlt 

The pressure, P 2 , in C may be { 

measured by a manometer, not 

shown, but it is generally only 

slightly more than atmospheric. / ^ 

The calorimeter is thoroughly |p::S 

lagged and, neglecting the small 
atmospheric rabiation loss, aU 

the heat in the incoming steam, 5 

since no work is done by it, / 

must be in the exhaust steam. / [f 

Since the heat content of slightly . steornn ONt;et-->f. vf? 

wet steam at higher pressures is 

greater than that of saturated calorimeter in operation, 

steam at atmospheric pressure, 

the exhaust steam- will be superheated. When the calorimeter 
is in use, F is opened wide and the temperature of the exhaust 
is -read from the thermometer T 2 . 

393. Table Showing Density and Specific Volume Of Water 
At Different Temperatures. — Abridged from Steam Tables’’ 
by Marks and Davis (Longmans), 


Sfeof 'm ONt.'et- ->-^ T R' r|^// 
''Heat Insi-florfton 

Fig. 351. — Section of Barrus throttEng 
calorimeter in operation. 


Temperature, 
deg. Fahr. 

Specific 
volume, 
cu. ft, per lb. 

Density, 
lb. per cu, 
ft. 

Tempera- 
ture, deg. 
Fahr. 

Speoific 
volume, 
cu. ft- per lb. 

Density, 
lb. per cu 
ft. 

40 

0.01602 
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210 
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59. SS 

70 
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61.55 

350 

O.OISOO 
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53 . 5 
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396. To Compute The Quality Of Steam From The Results 
Of The Throttling Calorimeter, Use the following formula 
which is derived below : 


(278) 


1,050 + 0.46T2 - h 


(decimal) 


Wherein: x = the quality of steam, expressed decimally. 
Ts = the temperature shown by the thermometer T 2 (Fig. 350) 
in degrees Fahrenheit, h = the heat of liquid corresponding 
to the temperature of the steam, Ti, before passing through 
the orifice as shown by thermometer Ti (Fig, 350), in British 
thermal units per pound. L = latent heat of steam corre- 
sponding to Tl, the same temperature as for h in British 
thermal units per pound. 

Example, — Suppose the temperature of the entering steam, T'l, 
is 355.8® F. and the temperature of the steam in the exhaust side o‘f the 
calorimeter, Tz, is 250.3® F. The pressure in the calorimeter chamber, 
C, is assumed to be practically atmospheric. What is the quality of 
the steam? Solution. — By For. 278, the quality, x — (1,050 A- 0A6T% 
— h)/L == (1,050 -h 0.46 X 250.3 — 327.4)/865.4 = 0.969, or 96.9 percent. 

DfiBiVATioisr. — As the calorimeter is well insulated and there is a 
sufiScient flow of steam so that the heat loss in it may be neglected, the 
total heat of the steam will be the same before and after passing through 
the orifice. If the temperature of the wet steam before passing through 
the orifice is Ti, the corresponding total heat of the wet steam (by For. 
242) = h -f- xh. If the steam is superheated after passing through the 
orifice, the total heat of the superheated steam (by For. 244) = Hjd 4- 


CTs. 

(279) 

Since the two are equal, h* -{- xL = Hz? + and: 

_ BCx. -h CTs - h 

(decimal) 

Or: 

(280) 

^ _ Hjd + C(T2 - - h 

(decimal) 


Wherein: Ts — 7^2 — T 3 or the difference between the observed tern- 
perature and the temperature corresponding, in a steam table, to the 
observed pressure after passing through the orifice. When a pressure 
corresponding to a temperature of about 213® F. is obtained on the 
atmospheric side of the orifice, the atmospheric values for Hz), C and Ts 
may be substituted and For. (280) becomes : 

, 00 . N 1,150.7 -h OAQiT^ - 213) - h 

K^ol) X — — 

And simplifying: 

(282) X = 

> 1 -' 

Which is the same as For. (278). 


(decimal) 


(decimal) 
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397. When Steam Is Too Wet To Superheat In A Throttling 
Calorimeter (Sec. 395) its quality may ordinarily be measured 
in a separating calorimeter (Fig. 352). This is a device for 
mechanically separating and measuring the water suspended 
in the steam. The quality is found by dividing the weight 
of dry steam by the sum of the weight of the moisture and the 



Fig. 352. — Separating calorimeter Fig. 353. — Steam separator for 

(which separates, mechanically, the removing entrained moisture, 

water from the steam). 


weight of the dry steam. It is impossible, however, to com- 
pletely separate all of the liquid from the vapor with a separat- 
ing calorimeter. Hence, such calorimeters always indicate a 
quality slightly in excess of the actual. When the steam 
pressure is less than about 50 lb. per sq. in,, a separating calo- 
rimeter is very inaccurate. A throttling calorimeter may, 
however, be used on the discharge from the separating calori- 
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meter so as to correct the error. The operation of the separat- 
ing calorimeter is explained below. 

ExFi.AN-ATio]sr. — The steam enters the calorimeter through the tube, 
A, and discharges into the metal basket, B, which has perforations 
through its sides. The bottom of the basket is not perforated. Hence, 
to reach the outlet, Z>, above, the steam must make a sharp turn as it 
leaves the tube, A. In making this turn, the moisture in the steam, 
being heavier than the dry vapor, is thrown through the perforations 
in the side of B into the inner chamber, C, where it collects. The volume 
of the water, IT, thus collected is read on the scale, 3, The steam passes 
through, D, into the outer chamber, H, and then through the orifice, O, 
into the atmosphere or into a bucket of water. The rate of steam flow 
through the orifice, O, wull depend on the pressure in E. The gage, 
has two sets of graduations, one showing the pressure in E, and the 
other showing the weight of steam flow through O during a lO^minute 
period. As this gage for the steam flow is unreliable, a better scheme is 
to obtain the weight of the steam by condensing it — ^by passing it into a 
bucket of water — and then weighing the condensed steam. 

Note. — In STSAM-ENaiim Pkactice, Steam: Is UsuAiiiiT Passed 
Through A Separator (Fig. 353) Before It Reaches The Engine. 
Hence its quality on entering the engine is high enough to be measured 
in a throttling calorimeter. 

398. Ammonia, Carbon Dioxide, And Sulpbur Dioxide 
Vapors Are Used In Refrigeration Practice. — Since in mechani- 
cal refrigeration temperatures below 32® P. are required, it is 
desirable to employ some vapor which has (at moderate 
pressures) a boiling temperature lower than 32® F. It is 
difficult to utilize water vapor for refrigeration purposes 
because water has a relatively high freezing point — it would be 
a solid at temperatures which must be used in refrigeration. 
Ammonia, carbon dioxide, and sulphur dioxide are the vapors 
which are generally employed. Ammonia is a very satis- 
factory refrigerant for ordinary refrigeration purposes because, 
at moderate pressures (130—200 lb. per sq. in.), it can readily 
be condensed with cooling water at temperatures of 50 to 80® 
F. Sulphur dioxide condenses at pressures of from 40 to 
60 lb. per sq. in. even with relatively warm condensing water. 
Thus this fluid is used to advantage in the tropics. Carbon 
dioxide is best suited for low-temperature refrigeration, but it 
must have cool condensing water, for otherwise the efficiency is 
greatly impaired. Carbon dioxide must be raised to a pressure, 
of nearly 1,000 lb. persq. in. before it can be condensed at 80® F. 



399. Table Giving The Properties Of One Pound Of Saturated Sulphur-dioxide Vapor from Marb’ 
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QUESTIONS ON BIVISION 11 

1. is the distinction, between a. vapof and a £;as? Do gases an<I vapors behave 

similarly? 

2* "What are the three conditions in which a vapor may exist ? Define each in two 
ways. Which one seldom occurs in practice? 

3. What are the two forms of saturated vapor? Define each. 

4. How is the amount of superheat in a vapor exprejssed? 

How may the condition of a vapor be determinesd? 

6. What is meant by the quality of a vapor? 

7. How may the properties of a vapor at some pressure between those given in the 
table be found? 

8. Define heat of the liquid. Total heat of a vapor. Of what values given in the 
vapor tables is the total heat the sum? 

9. How may the total heat of a wet vapor be found? Of a superheated vapor? 

10. Define the apecific volume of a vapor. How is it determined for wet, dry satu- 
rated, and for superheated vapors? 

11. How would you find the quality of a wet vapor if you knew only its pressure and 
specific volume? 

12. Give the general formula for finding the internal heat energy in any vaporous 
substance. What is the starting point from which internal energy is measured? 

13. Of what two factors may heat energy be considered the product? Explain the 
similarity, on this basis, of heat and other forms of energy. 

14. Give two definitions of entropy. Can a substance suffer an increase or decrease 
of heat content without suffering a change in entropy? Explain. 

15. Can entropy be measured? How are entropy values determined? Do all sub- 
stances have entropy? Explain. 

16- Of what use is entropy in heat calculations? Of what value are charts which 
employ entropy? 

17. Is it possible to determine the absolute entropy of the substance? Why? 

18. Do we ever need to know the absolute entropy of a substance? From what 
starting point is entropy generally measured? 

19. What is the difference between absolute entropy and total entropy? 

20. How can the change in entropy during heat transfer be determined? Explain 
fully. 

21. Explain the usefulness of the temperature-entropy diagram for any process. 

22. What sort of temperatiire-entropy diagrams are useful in engineering? What is 
the difference between such a diagram and a chartf 

23. How would you find the entropy of a dry saturated vapor? Of a superheated 
vapor? Of a wet vapor? 

24. What is a M oilier diagram? Using values from the steam tables show by a sketch 
how a Mollier diagram is constructed. Indicate on your sketch what portion of the 
diagram is generally most used. 

26. In how many ways may vapors expand and be compressed? What may be 
considered as the fundamental expansion or compression processes? 

26. What are the three principal kinds of vapor expansions which are encountered 
in actual machines? 

27. What is an isentropic expansion? In what kind of machines do nearly isen tropic 
expansions occur? Why is the isen tropic expansion considered as the ideal? Explain 
with a sketch- 

28. What changes in quality or superheat accompany isentropic expansions of vapors? 
How would you determine the quality or superheat of a vapor after isentropic expansion? 

29. Where do constant-pressure expansions of vapor occur in practical machines? 

30. Under what conditions does a vapor expand without change of heat content? 
In what practical processes do such expansions occur? 

31. What are the three principal ways in which vapors may be compressed? Which 
of these is not practically attainable? In what machines and under w'hat conditions 
are these compressions obtained? 
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S2. Derive the energy relations for an isentropic process for a vapor* What quantity 
can be read directly from a heat-entropy chart? 

33. State and derive the energy relations for a constant-pressure process for a vapor, 

34 . What are the energy relations for throttling and isodynamic processes? 

35 . What characteristics of steam make it so suitable a medium for heat engines? 

36 . Make a sketch of and explain the principle of operation of the throttling calori- 
meter. 

37 . When cannot a throttling calorimeter be used? What calorimeter is then used 
and how does it operate? Make a sketch of it. Is this calorimeter very accurate? 

38 . Under what different conditions of refrigeration are ammonia, sulphur dioxide, and 
carbon dioxide used? Which of these is most generally used? 

PROBLEMS OlSr DIVISION 11 

1. What is the total heat given off in the condensation of 1,500 lb, of wet steam at 
20 Ib. per sq. in. abs. having a quality of 92.8 per cent, when the condensate is cooled 
to 60® F.? 

2 . What amount of heat must be supplied to 1,720 lb. of water at 49® F. to convert it 
to steam at 185 lb. per sq- in. gage pressure and 432® F.? 

3. Steam at 140 lb. per sq. in. abs. and 98 per cent, quality expands in a turbine to 
a pressure of 2 lb. per sq. in. abs. After this expansion it has a quality of 81 per cent. 
By cfitlculationa from the values given in the Steam Table, find the heat absorbed by 
the turbine from 1 lb. of steam. Note: Heat absorbed equals heat content of steam at 
throttle minus the heat content of exhaust steam. 

4 . Find the specific volume of the steam entering and leaving the turbine of Prob. 3. 

5 . Find the internal energy of the steam entering and leaving the turbine of Prob. 3. 

6. Find, without the use of the chart (Fig. 343), the increase in entropy during the 
expansion in Prob. 3. How much more heat is in 1 lb. of the exhaust steam than would 
have been in it, had the steam expanded isen tropically? 

7 . Steam at 160 lb. per sq. in. abs. and 40® F. superheat expands isentropically (that 
is, along a constant entropy line) to a pressure of 5 lb. per sq. in. abs. By means of the 
chart find the quality of the steam after this expansion? Find the quality of the steam 
after expansion by calculation from the entropy values given in the steam tables without 
using the chart, and check this value with that found by means of the chart. 

8. How much external work would be done by each pound of steam during its 
expansion in a 'Steam-engine cylinder if the steam expanded isentropically from 200 lb. 
pre sq* in. abs. and 100° F. superheat to a pressure of 3 lb. per sq. in. aba.? 

9. In the coils of an ammonia refrigerating system, vapor ammonia of 10 per cent 
quality and at — 10® F. is evaporated at constant pressure until its quality becomes 0.95, 
H ow much heat is absorbed by each pound of ammonia and how much external work is 
done during the process? 

10, A throttling steam calorimeter gives readings as follows: Te mperature before 
passing through orifice, 346° F. Temperature after passing through orifice, '256° F 
Pressure after passing through the orifice, 15 lb. per sq, in. abs. What is the quality of 
the entering steam? 
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GAS AND VAPOR CYCLES 

402. A cycle may be defined as: A series of processes per- 
formed in a definite order or sequence such that, after a definite 
number of the processes, all concerned substances are returned to 



S-tart Vj CompleteoC Vs Compte+ecf Completed 

Pig. 355. — A cycle as applied to a machine. 


their original state and condition. Figures 354 and 355 show 
simple cycles; the illustrations are self-explanatory. In heat 
engineering, cycles generally consist of condition changes of 
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gases or vapors. They may be considered with respect to one 
machine — as, for instance, the steam engine in a steam power 
plant or the ammonia compressor in a refrigerating plant — or 
they may be considered \%dth respect to an entire plant. Each 
time a pound of water has completed a round trip through the 
apparatus — boiler, engine, condenser, hotwell, and again back 
to the boiler — and attained its original condition, it is said to 
have completed one cycle. When only the processes which 
occur in a single heat machine (cylinder) are considered and 
'when the weight of the working substance (steam, in a steam 
engine) within the machine is changed from time to time (by 
admitting and taking away a part of the working substance), 
then the series of processes does not constitute a true cycle. 
Such a series of processes is sometimes termed a pseudo cycle 
(pseudo meaning false). In this division, both true and pseudo 
cycles will be discussed. 

403. All Heat Engines And Refrigerating Machines Operate 
On Cycles. — A heat engine (Fig. 356-J) is any machine which 
utilizes heat energy for the production of mechanical energy — 
for example, the steam engine or turbine and the internal 
combustion engine. A refrigerating machine (Fig. 856-JJ) is 
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. Work Done 
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Wafer-'*" Receiver Or Holder' 

X-HCOI+ Engine- S+e«m Pbwer Plant TI-Ref rlgenating Machine- 

^ J rowicr Ammonia compression Plant* 

Fig. 356. — Sb-owing the difference between a heat engine and a refrigerating machine. 


any machine which utiliz|s mechanical (or other) energy to 
accomplish the transfer of heat energy from one body to a 
relatively hotter body; see also Div. 18. A refrigerating 
machine may therefore be called a heat •pum/p. Generally 
speaking, if a heat-engine cycle is reversed (the processes, 
Sec. 402, performed in the reverse direction and reverse order), 
it becomes a refrigerating-vzachine cycle and vice versa; 
the reversal of the cycle is not possible, however, with all 
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heat-engine cycles. Since heat engines and refrigerating 
machines operate on cycles, as stated previously, the import- 
ance of studying cycles becomes apparent. The usefulness 
of studying cycles is further explained in Sees. 406 to 409. 
Ill this division, the more important heat-engine and refriger- 
ating-machine cycles will be discussed. 

Note. — The three essential elements of every heat engine 
AND refrigerating MACHINE are: (1) A hot body which serves as a 
source of heat for a heat engine or as a receiver of heat for a refrigerating 
machine. (2) A working substance. (3) ^4. cold body which serv^es as a 
receiver of heat for a heat engine or as a source of heat for a refrigerating 
machine. During the operation of a heat engine^ heat energy leaves the 
hot body passing to the working substance by means of which substance 
a portion of the heat energy is transformed into mechanical work; the 
remainder of the heat energy is rejected from the working substance to 
the cold body so that the working substance may return to its initial 
condition and be ready to start a new cycle. This operation is explained 
in following Sec. 410. During the operation of a refrigerating machine 
(Fig. 356) heat energy leaves the cold body passing to the working sub- 
stance which, by means of mechanical work done on it, is made capable 
of rejecting the heat energy to the hot body. This operation is explained 
in following Sec. 433. The working substance may be a solid, liquid, 
vapor, or gas — -although, in engineering, vapors and gases are most 
commonly used. A heat engine utilizing a solid body as a working sub- 
stance is shown in Fig. 150. 

404. The ‘^thermal eflB.ciency’’ of a heat engine is defined 
as the ratio of the heat converted into work (output) to the 
heat supplied to it from the hot body (input). This definition 
is quite general. Inasmuch as the work output of the engine 
(at the shaft) is always less than the total work resulting from 
the conversion of heat, the thermal efficiency may be con- 
sidered on the basis of either of these two quantities. It 
should, therefore, always be clearly understood and stated 
on which basis the thermal efficiency is considered (see also Sec. 
436). In the following sections, the thermal efficiency will be 
considered on the basis of work which actually (or theoretically) 
results from the conversion of heat energy. The definition 
for the term as herein used may be expressed by the formula: 

(283) Thermal efficiency — 

Heat converted into work 
Heat supplied from hot body 


(decimal) 



378 


PRACTICAL HEAT 


[Div. 12 


It is obvious from the definition that engines with high ther- 
mal efficiencies are more desirable than are engines with 
low efficiencies. 

Example. — A gas engine (Fig. 357) consumes 20 cu. ft. of a gas (each 
cubic foot representing 500 B.t.u.) in developing 1 hp.-hr. What is its 
thermal efficiency? Solutioxt. — The heat supplied = 20 X 500 = 
10,000 B.t.u. Since 1 hp.-hr. = 2,545 B.t.u., by For. (283), the thermal 
efficiency = (Heat converted into work') /(Heat supplied from hot 'body) 
— 2,545 10,000 = 0.2545 or 25.45 per cent. 

405. The ^‘coefficient of performance’^ of a refrigerating 
machine is defined as the ratio of the heat abstracted from 
the cold body (output) to the heat equivalent of the energy 
required (input). As with thermal efficiencies, the coefficient 
of performance may be considered on the basis of the work 

G£f5 


Fig. 357. — What is the thermal effi- Fig. 358. — What is the coefficient of 
ciency? performance? 



Test Shorn Thctf 50,000 3.f.u. ,CoIof 
An? Exfro/cfed Per Pbun • Boom 


Condenser 
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actually done on the working substance or on the basis of the 
work input to the machine at its shaft. On which basis the 
coefficient of performance is being considered should always 
be clearly stated and understood. In the following sections, 
the coefficient of performance will be considered on the basis 
of the work . actually done on the working substance. The 
definition for the term as herein used may be expressed by 
the formula: 


(284) 


Coefficient of pe/formance — 

Heat abstracted from cold body 
Heat equivalent of energy supplied 


(number) 


It is self-evident that a high coefficient of performance is 
desirable. 


Example. — A test of an ammonia refrigerating plant (Fig. 358) shows 
that 5 hp. is expended in compressing the ammonia while 50,000 B.t.u. 
per hr. is extracted from the cold room. What is the coefficient of 
performance? Solution, — Since (Sec. 82) 1 hp. = 2,545 B.t.u. per hr., 
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5 hp. = 5 X 2,545 = 12,725 per hr. Hence, by For. (284), the 

coefficient of performance — {Heat abstracted from cold body)/ {Heat equtva-- 
lent of energy supplied) = 50,000 -s- 12,725 = 3.92. 

406. The various cycles provide ideal ultimate goals for 
judging or comparing the actual performances of the heat 
engines and plants of the various types. These cycles — which, 
remember, are ideally perfect^ — ^are useful concepts in some- 
what the same way as are the ideas of perfect gas"^ and 
frictionless surface.^' Thus, as will be shown, the cycle 
efficiency of an engine or plant can be calculated (on the basis 
of the actual temperatures which obtain in the plant) on the 
assumption that the engine or plant is operating in conformity 
with one of these ideal cycles. This efficiency will then show 
what proportion of the heat input to the engine or plant would 
be realized as work output if the plant were actually operating 
in accordance with the processes of the assumed ideal cycle and 
through the temperature ranges which actually obtain for the 
engine or plant. 

407. The usefulness of studying cycles, as is hereinafter 
done, lies in the facts that: (1) The study of any cyclic series 
of processes reveals (from a consideration of the proposed 
thermal conditions — temperatures and pressures), without 
actually building a heat machine — or plant — to utilize the 
processes, an upper limit or maximum which the thermal 
efficiency or coefficient of performance cannot possibly exceed. 
(2) The study of cycles reveals in advance the effect (upon the 
efficiency or coefficient of performance) that will follow from 
changes in the condition of the working substance at different 
phases of the cycle — for example, the effect of changing the 
temperatures ' between which a machine operates may be 
foretold. (3) The study guides designers and inventors by 
revealing how much and in what manner the actual efficiency 
or performance of a given heat machine or plant falls short of 
that of a theoretically perfect machine which operates on the 
same cycle. (4) Cyclic study also enables comparisons to be 
made between different heat machines or plants which operate 
on the same cycle but with different temperatures — compari- 
sons of the degree of perfection of the actual machines or 
plants. 
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Exflanatiox. — Thermal efficiencies and coefficients of per- 
formance HAVE TIPPER LIMITS OR MAJXIMXJMS, DEPENDING ON THE NATURE 
OP THE PROCESSES WHICH CONSTITUTE THE CYCLE, and OH the temperature 
and condition of the working substance at different phases of the cycle. 
Heat machines differ in this way from mechanical and electrical machines. 
Mechanical and electrical machines can theoretically be constructed so 
as to have as high an effieiencT^ as desired — 100 per cent, being the limit. 
Practically, the efficiencies of such machines cannot be made quite 100 per 
cent., but they can, by proper design and construction, be made reason- 
ably near this limit. Electric motors, for example, have been made with 
efEciencies as high as 98 per cent. Heat machines, however, have always 
an upper limit of efficiency — ^iiiuch less than 100 per cent, for heat engines 
— which they cannot possibly exceed. The reason for this limit is that 
it is not feasible to reject heat at any temperature below that of the 
coldest nearby natural object. The value of this upper limit is deter- 
mined by the cycle upon which the heat machine operates and by the 
thermal conditions — temperatures and conditions of the working sub- 
stance at different phases of the cycle. 

Explanation. — The effect of changing conditions op the work- 
ing SUBSTANCE DURING A CYCLE MAY BE FORETOLD BY CYCLIC STUDY by 
calculating the upper limit of thermal efficiency or coefficient of per- 
formance for the new and the old conditions. Thus, the effect of increas- 
ing the boiler pressure upon the efficiency of a steam power plant (Fig- 
361) may be foretold with reasonable accuracy by computing the upper 
limit of the thermal efficiency of its cycle under both the old and new 
conditions. Thus, cyclic study indicates to power-plant designers what 
plant conditions will be most economical. 

Explanation. — Cyclic study reveals discrepancies between 

ACTUAL AND THEORETICAL EFFICIENCIES AND PERFORMANCES. By 

comparison, it may be ascertained why a given heat engine or refrigerat- 
ing machine or plant fails to fulfill the theoretical expectations. Such 
comparisons may then be used as a guide by designers and inventors in 
directing their efforts. Such comparisons have probably been the 
stimulus in producing the compound and uniflow steam engines and the 
successful steam turbine. , 

Explanation. — -Cycles make possible comparisons as to degree 

OF PERFECTION BETWEEN DIFFERENT HEAT MACHINES which Utilize the 

same processes but with different conditions. Thus, when a designer 
builds a machine to operate under conditions different from those under 
which his former machines operated, he may (by computing the cylinder 
effleiency, Sec. 436) ascertain whether the new machine exhibits the 
same degree of perfection as the former machines — if it does not, he may 
have to redesign the new machine. 

408. The reason for the existence of the various cycles 

such as the Carnot, the Rankine, the Otto and the Diesel 
cycles (all of which are discussed hereinafter) is this: Each 
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(except the Carnot) provides a sequence of ideal hypothetical 
processes which are to a greater or less degree approximated 
and approached — ^but which, because of unavoidable losses, 
can never be realized — in the actual performance of a heat 
engine (or power plant) of some certain type. As will be 
shown, the Carnot cycle comprehends the sequence of processes 
that will give the maximum efficiency possible for any heat 
engine. The Itankine cycle employs a sequence which 
provides a standard for steam power plants. The Otto and 
the Diesel cycles provide standards for internal-combustion- 
engine plants. 

Examples. — In the example under Sec. 419, cycle efficiencies of a 
steam power plant are considered. In this plant, the boilers deliver 
steam of 95 per cent, quality to the prime mover at a pressure of 125 lb. 
per sq. in. abs. (344.4® F.). The prime mover exhausts into a condenser 
in which the pressure is 2 lb. per sq. in. abs. (126.15° F.). For this plant 
(as there shown) the Carnot-cycle efficiency is 27.2 per cent.; the Rankine 
cycle efficiency is 24.6 per cent. This means that no theoretically- 
perfect heat engine (or plant), regardless of how effectively it was oper- 
ated or how perfectly it was constructed, which received its heat at 
344.4° F. and rejected its heat at 126.15° F., could possibly have an 
efficiency greater than 27.2 per cent. — which is the Carnot-cycle efficiency 
for these thermal conditions. That is, with the temperature range 
stated, it would be impossible with any sequence of processes or with any 
heat engine, regardless of how perfect, to convert more than 27.2 per cent, 
of the received heat into work. Similarly, the Rankine-cycle efficiency 
of 24.6 per cent, means that no ordinary steam power plant operating 
under the steam conditions specified could have a thermal efficiency 
greater than 24.6 per cent. 

409. Cycles axe most easily studied by diagrams which 
are called cycle diagra7ns (Figs. 360 and 362) and which 
serve as pictures to relieve the student of the necessity of 
holding in his mind so many dififerent quantities as are gen- 
erally involved in cyclic problems. For the study of cycles, 
as will be shown, the 'pressure-v>oliime diagram and the tem- 
per ature-e 7 xtropy diagram are most convenient. With these 
diagrams it is possible to picture the changes in pressure, 
volume, and temperature of the working substance, and often 
to represent by areas the work done and the heat added either 
during any process or during the entire cycle. 
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XoTE. — C ycles abe always represented on the presstjbe-volijme 
and ox the temperatitre-entbopy planes by closed diagrams, as 
will be evident from a consideration of the examples which follow. 

410. The simplest cycle, probably, is that of the non- 
expansive engine of which the steam end of a direct-acting 
steam pump, Fig. 359, is a common example. So far as the 
machine itself is concerned, the cycle is briefly this: The valve 
F, being in the position shown, steam is admitted from the inlet 
pipe, J, to the left end of the cylinder C where it exerts its 



Pig. 359 — Section through cylinder and valve of a direct-acting steam pump. 

pressure on the piston, P, and forces P to the right. After P 
has been forced to the right the required amount, the valve, F, 
is automatically moved rapidly to the left. This admits 
steam to the right side of the piston and also opens a passage 
for the steam to flow from the left end of C to the atmosphere 
(through A). The steam then forces P to the left. When P 
has moved to the left the required amount, F is again thereby 
automatically shifted to the right (to the position shown in 
Fig. 359). The cycle has thus been completed. Inasmuch 
as the weight of steam in the cylinder C is different at different 
times during a cycle, the processes constitute a pseudo cycle 
(Sec. 402). How the cycle may be considered as a true cycle 
and how it may be pictured are explained below. 

Explan.ation. — Representation Op The Non-expansive-enginb 
Cycle By A Presstjbe-voltjme Diagram, — Assume that, in the position 
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shown in Fig. 359, the volume of the cylinder to the left of the piston is 
0.0075 cu- ft. and that the steam is supplied at 100 lb. per sq. in. gage 
(boiler pressure) or 114.7 lb. per sq. in. abs. This pressure and volume 
may be plotted on squared paper as indicated at Fig. 360. The 
pressure of the steam will force the 


piston toward the right. After the pis- 
ton has moved a certain distance to the 
right, the valve, Vy is automatically 
shifted toward the left. Assume that, 
at the instant V is shifted to the left, 
the volume at the left of the cylinder 
is 0.725 cu. ft. Now, as the piston is 
forced to the right by the steam, the 
steam pressure remains constant. At 
the instant of shifting, therefore, the 
pressvire and volume are as represented 
by By Fig. 360. Also, the process dur- 



1 ^ Volume- Cubic Feet lEl 
Fig, 360.- -Pressure-volume diagram 


for a non-expansive-eugine cycle. 


ing which the piston was forced toward tln‘ riglit is represented by the 


straight line AB. As shown in Sec. 262, the area FA SS* represents t lie* 


work done during this constant-pressure process. 

Now as the valve, V, is quickly and automatically shifted to the left, 
the steam is released from the left side of the cylinder and flows into the 


atmosphere. The pressure on the left side of the piston therefore 
decreases from 100 lb, per sq. in. gage to 0 lb. per sq. in. gage tl4.7 lb. 
per sq. in. abs.) in a very short interval of time during which the piston 
has (practically) not moved- The left end of the cylinder therefore holds 
0.725 cu. ft. of steam at 0 lb. per sq, in. gage as represented by the point 
Cy Fig, 360. Line BC represents the process of releasing the steam 
pressure in the cylinder. Since the area under line BC is zero, the 
diagram shows that no work has been done during this releasing process. 

As the piston is now moved to the left, it forces out the steam at its 
left. If it forces out all but 0.075 cu, ft., then line CD, will represent the 
exhaust process and the area ECDF will represent the work done in 
expelling the steam. The instantaneous (practically) rise in pressure to 
100 lb. per sq. in. gage when the valve, V, is again automatically shifted 
to the right is represented by the line DA. Since the area under DA is 
zero, no external work is done in raising the pressure. 


Thus, the entire cycle for one end of the cylinder is pictured on the 
pressure-volume plane by the closed diagram ABC DA. The cycle for a 
lion-expansive engine of given dimensions and working between given 
pressures would be represented by the same pressure-volume diagram 
regardless of whether the working substance were steam, air, or any 
other gas or vapor. The temperature-entropy diagram would, however, 
be different for different working substances and for the same substances 


working between different temperatures. 

Explanation. — -TDetermination Of The Tempehatxjr-es In The 


Non-exp.ansive-engixNE Plant Cycle,— Before constructing the tern- 
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perature-entropy diagram (Fig. 362) it is necessary to know tlie exact 
condition of the working fluid at one point (at least) in the cycle. Fur- 
therinore, as suggested in Sec, 402, the c^^cle must be considered with 
respect to the entire plant in which the given machine forms but one part. 
Now, for the non-expan sive steam engine (Fig. 359) which was explained 
above, assume that the plant consists of the equipment shown in Fig. 361. 
Assume further that the water in the tank, H, is at the temperature of 
212*^ F. — it will be shown later why 212"" F. is used. The water is pumped 
by a small pump, F, from H into a boiler, B. In B the water is heated 
and evaporated; it leaves B as dry saturated steam at 100 lb. per sq. in. 

The steam then passes to the pump, A, which is the non-expansive 
engine (Fig. 359) under consideration. Pump A does mechanical work 


SfieetmTodoifer-f^ Pump^ Exfiorusf Sfeam 'am From 



Fiq. 361. — An elementary steam power plant (a pumping plant) using steam non- 

expansively, 

by drawing water from the well W and forcing it out, against a pressure, 
through D, After being used by A, the steam is rejected through pipe E 
into tank H, A portion of the water delivered by A is admitted into a 
perforated pipe, R, in H. In falling through the steam in H, the water 
from R condenses a portion of the steam therein and is thereby heated 
to the temperature of the steam. Since the tank is open to the atmos- 
phere, the steam will be at 212° F. Since not all of the steam is con- 
densed by the water from R, the remainder will pass out through the vent 
pipe, Vy into the atmosphere. To make the cycle complete, assume 
that this steam is formed into clouds which are then precipitated as rain 
(Fig. 354) — the rain water being returned to W. 

Note. — To Correlate Figs. 360 And 361, assume that sufficient water 
is pumped from H to B (Fig. 361) to just produce 0.725 cu. ft. of dry 
saturated steam at 100 lb. per sq. in. The feed pump (Fig. 361), 
raises the pressure of this water from practically atmospheric pressure to 
100 lb.* per sq. in. gage. This corresponds to process DA, Fig. 360. As 
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this water is evaporated in B (Fig. 361) it passes to A and completely 
fills the cylinder end and pushes out the piston; this is process AB (Fig. 
360). Then, as the valve in A is shifted, this steam is released and its 
pressure immediately decreases to atmospheric. This is process BC 
(Fig. 360). Finally, as this steam is exhausted from A (Fig. 361), it is all 
transferred to iJ, part by way of the atmosphere, clouds, and rain, the 
other part by condensation in H. This is process CD (Fig, 360). 

Explanation. — To construct the temperature-entropy dia- 
gram FOR THE NON-EXPANSIVE ENGINE PLANT OP FiG. 361, lay off 
scales OY and OX (Fig. 362) on cross-section paper. Temperature^ 
entropy diagramB are always constructed for 1 lb. of the working substance. 
Hence, the point D of the cycle (Fig. 

360), since it represents water at 212° 

F., may be plotted on Fig. 362 at D 
(the entropy value is taken from the 
steam table ) ; temperature and entropy 
of the watet* are unchanged by the 
feed pump (F, Fig. 361); the point D 
(Fig. 362) also corresponds to point A 
(Fig. 360), In the boiler, the heat 
which is first added to the water raises 
its temperature to the boiling point 
and then evaporates it at constant 
temperature. The heat added to the 
water in the boiler is represented by 
the area D'DABB' in Fig. 362. The 
process BC of Fig. 360, although it 
appears to be a constant-volume 
change, is actually very nearly a const'ant-heat expansion — ^the steam, 
being released from the cylinder, expands without doing external work. 
Hence the release of the steam may be represented in Fig. 362 by the 
line BC. The area B'BCC' represents heat added to the steam during 
this expansion by friction of the steam. As the steam is then condensed 
at atmospheric pressure, heat is abstracted from it, as represented by the 



Fig. 362. — Temperature-eutropy dia- 
gram for a non-expansive steam-engine 
cycle. 


area C'CEDD'. 

Now, it will be convenient to construct a slightly different temperature- 
entropy diagram from D ABC ED which would also conform to the pres- 
sure-volume diagram DA BCD of Fig. 360, but which would represent 
a cycle during which no heat is added to the steam by its own friction. 
To do this, assume that, instead of releasing the steam from the cylinder 
at B (Fig. 360), heat is abstracted from the steam so as to decrease its 
pressure to 14.7 lb. per sq. in. abs. without changing its' volume. This 
process would also be represented by line BC in Fig. 360 but this would be 
a frictionless process. This process would be represented in Fig. 362 
by BCi and the abstracted heat would be represented by the area 
B'BCiCi . To condense the remaining steam at Ci, Fig. 360, a quantity 
of heat as represented by CfCiDD' must yet be abstracted. Hence, the 
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total heat abstracted is I'epresented by the area B'BCxDD\ Now, since 
no friction occurs in this cycle, the difference between the heat added and 
the heat abstracted must give the external work done. Hence, {area 
D'DABB') — (area D'DCiBB') ~ external work = DABCiD (shaded in 
Fig. 362). Since the tempera ture-entropy diagram is constructed for 
1 lb. of steam, the shaded area represents the external work done by 1 lb. 
of steam in the engine of Fig. 359. 

411. A convenient method of comparing engines of different 
kinds is to calculate the efiSiciency they would have if they were 
working on a perfect cycle (Shealy) in which case they would 
convert into work the largest possible proportion of the heat 
supplied to them. In this perfect cycle, all of the heat taken 
into the engine is at the maximum temperature and all of the 
heat is rejected from the engine at the minimum temperature. 
Hence, all of the heat which is utilized by the engine is changed 
into work by falling through the greatest possible range of 
temperature. This enables the engine to perform the greatest 
possible amount of work. Such a cycle is called Carnot’s 
cycle. 

412. The Carnot cycle is a theoretical heat-engine cycle 

which was devised by a French scientist named Carnot, 
principally to show, as will be shown here (Sec. 416), that the 
efficiency of any heat engine cannot exceed a, certain value, 
which depends on the maximum and minimum temperatures 
of the working substance during the cycle. Th.at is, as is 
explained in Sec. 416, the efficiency of the Carnot engine cannot 
be exceeded by any other heat engine operating with the same 
hot and cold bodies. No attempt has ever been made to build 
a heat engine to operate on the Carnot cycle. If such an 
engine were built, its size would be so great with respect to its 
power output that its mechanical losses would far offset the 
gain over other engines due to its higher efficiency. The 
Carnot cycle is explained below. 

Explanation. — The Carnot engine (Fig. 363) presupposes for its 
operation: (1) A hot body as a source of heat, H, whose temperature 
remains constant (T^r) no matter how much heat is abstracted from it. 
(2) A cold body as a receiver of heat, C, whose temperature remains 
constant (Tc) no matter how much heat is added to it. (3) A cylinder, 
O, with sides which are perfect non-conductors of heat and with an end 
which is a perfect conductor of heat. (4) A piston, P, of perfectly non- 
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heat-conducting material. (5) A block, B, of perfect heat -insulating 
material. The working substance, <?, which may be either a vapor or a 
gas, is enclosed in the cylinder between the piston and the conducting 
end of the cylinder. The cylinder must be so arranged that H, C, and B 
can at will be placed against its end. 



I-E-xpctndin^ IE- Expanding 12- Compressing IE -Compressing 

Iso-the-rmaUg AdiatoatlcallLj Isothermaiig AdiatoaticaWg 

CHeat Conducted CNo Heat is Con- (Heat Conducted (No Heat Is Con- 
Through Cylinder- ducted To Or From Through Cylinder- ductedToOrFrom 
Head Keeps Temp- The Head Keeps Temp- 

erature Constant) eroturc Constant) 

Fia. 363. — Carnot’s engine. 

Assume for the present that the working substance is a gas and that it is 
confined in a small volume and at the temperature (Th) of the heat source, 
Hf as shown in Pig. 363-/. Let the gas expand slowly. Its temperature 
will tend to decrease but, since the cylinder end is a perfect heat con- 


-Arew/l3D£ Repres€frfs- 
Neflpbrk Of C^fe ' 


I Compn^nhnS!^ 


-‘ir-Acfwtdat/c\ 

HxpotnshnX 


‘^J^ofhermal \Compre55ton 


Vo I u 


Fig. 364. — Pressure- volume dia- 
gram (general) for the Carnot 
heat-engine cycle with a gas as 
the working substance. 



entropy 

Fig. 365. — Temperature-entropy 
for the Carnot cycle. 


doctor, heat will flow from H to G and maintain the temperature of G 
constantly at Th-. After an interval (//, Fig. 363), let H be removed from 
the cylinder end and let B be immediately put there. Let the expansion 
of G proceed. The expansion will be adiabatic because no heat can now- 
flow to or from the gas. When the temperature of the gas has been 
lowered to that of the heat receiver, let the expansion be stopped and let 
B be replaced by C (Fig. 363-///). Let the gas be now compressed. Its 
temperature will tend to rise but, since the cylinder end is a peiTe<‘t heat 







sss 


PB ACT I CAL HEAT 


[Div, 12 


conductor, heat will flow from G to C and maintain the temperature of G 
constantly at Tc* Xet the isothermal compression be stopped at such a 
point (/F, Fig- 363) that, C being replaced by jB, adiabatic compression 
to the initial volume (as in J) will increase the temperature of G to T^r 
and thus restore the gas to its initial condition. The pressure- volume 
diagram of the cycle will appear as shown in Fig. 364. The tempeyature- 
eiitropy diagram will appear as shown in Fig. 365. 

Note. — It foux-ows pbom the ABOvi beschiption of the CABr^roT 

CYCLE THAT CERTaHnT RELATIOlSrs MUST EXIST BETWEEN THE PRESSURES 
AND VOLUMES of the gas at the different points A, B, L, and E (Fig. 364). 
As stated above, the isothermal compression III must cease at just the 
right point. By applying For. (239) to the adiabatic process II, there 
results : 


(285) (volume) 

where k is the adiabatic exponent (Cp/Cf). But, since and 

Txj = Tc, For- (285) may be written: 

(286) (volume) 

Likewise, by applying For. (239) to the adiabatic process IV, there 
results : 

(.287) I ^ (volume) 

But, since = Tc and = T//, For. (287) may also be written: 

1 

(288) V A. — (volume) 

Or, by transposing 

(.289) Ve == ~ ‘ (volume) 

Now, from Fors. (286) and (289), there can be written the proportion: 

V diVb:-Ve‘->V A (proportion) 

In a similar manner it can be shown that : 

Pa :Pb::Pe:P d (proportion) 
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413. When a vapor is used as the working substance in a 
Carnot engine, the pressure-volume diagram generally will be 
different from Fig. 364 (only if the vapor remained superheated 
during all of the process would the pressure-volume diagram 
have the appearance of Fig. 364). The quality of the vapor 
(if it is not always superheated) will be the least either at the 
beginning or end of the adiabatic compression {IV, Fig. 363). 
If, during this compression, the vapor is very wet, the quality 
will be least ^t its end; if the vapor is quite dry, the quality will 
be least at the beginning. Assume that the quality at the end 
of the compression is zero; then the pressure-volume diagram 


^ ^ -Iso therm at/ E^xpcrrrS/ofT^^ 

t . <;yJ>iJ^£xpan5for?^^ 


12oE 
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It-Steam Slightly 
Superheated At 5 


txpartsj&r 





zr 


VO IZ 14 16 » 20 
Yolumc-Cu.ft. Per Lb*, 
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heated At b 


Fig. 366. — Pressure-volume graphs for the Carnot cycle with 1 lb. of steam as the 
working substance and operating between the temperatures of 339 and 250“ F. (Steam 
entirely condensed at A,) 


will appear as J, II, or III of Fig. 366, depending on whether 
the vapor is saturated, slightly superheated, or highly super- 
heated at the end of the isothermal expansion AB. 

Note. — The temperattjre-enttropy eiagram for ale Carnot 
ENGINES, even those in which the working substance is a vapor, has the 
general form shown in Fig. 365, 

414. The thermal eflSLciency of the Carnot cycle (see See. 404 
for definition of thermal efficiency) may be readily computed 
by the following formula, the derivation of which is shown 
below : 

(292) E = ^ ^ (decimal) 


Wherein : E = the thermal efficiency of the Carnot cycle, 
expressed decimally. T^r == the absolute temperature of the 
hot body or source of heat, on any scale. Tc = the absolute 
temperature of the cold body or receiver of heat, on the same 
scale as Th is measured. 
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Derivation. — Since Mg. 365 represents the Carnot cycle for any work- 
ing substance, the area A' ABB' represents the heat taken from the 
source during one cycle for a given weight of working substance. Like- 
wise, the area B'DEA' represents the corresponding amount of heat 
rejected to the receiver. The difference between these two areas, 
that is the area ABDE, therefore represents the amount of heat taken 
from the source and 7iot rejected to the receiver. This obviously is the 
heat which is converted into work. Therefore, from the definition of 
thermal efficiency (Sec. 404), 


(293) 


area ABBE 
" area A' ABB' 


(decimal) 


But, from Fig. 365, 

(294) area A' ABB' = (distance A'B') X Tjr (area) 

and 

(295) area ABBE — (distance A'B'') X (Xjs* — Tc) (area) 

Therefore, by dividing (295) by (294) 

area ABBE (X/y — Te) X (distance A'B') Xjy — Tc t 

arm A' ABB' “ Tyr X (distance A'B') ^ (decimal 

and, substituting from (296) into (293), there results 

(297) E = ~ (decimal) 


which is the same as For. (292) 

Example. — (See also example under Sec. 419.) What is the thermal 
efficiency of the Carnot cycle if the temperature of the source and receiver 
are respectively 1,000 and 80° F.? Solution. — By For. (292), the ther- 
mal efficiency =. E = (Th - Tc)/Th == (1,000 — 80) (1,000 4- 460) 

= 0.63 or 63 per cent. 

Note. — -In Findino The Value Of The Term — Tc ," It Is 

Unnecessary To Change Each Temperature To Its Value On The 
Absolute Temperature Scale. The difference between two Fahren- 
heit temperatures is the same as the difference between the same tem- 
peratures expressed in degrees Fahrenheit absolute. 

415, The Carnot engine becomes a refrigerating machine 

when the engine is supplied with mechanical energy and 
operated in the reverse direction from that explained in Sec. 
412 (see explanation following). In Sec. 403 it was suggested 
that, theoretically with some exceptions, heat engines when 
reversed become refrigerating machines. The "'reversed’’ 
Carnot cycle is as follows : 
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ExpiiAN'ATioN*. — Assume that the Carnot engine, which was described 
in Sec. 412, is now operated as shown in Fig. 367, the temperature, 
pressure, and volume of the gas in /, Fig. 367, being the same as in /, 



Hecff Inluyjtfor-^ 
I-Expcmaling Aoliotba+J- 

Or From Goi^ 


HETcpanotlncj Iso+her- 
ConoJuGi- 
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Constant) 


Hot 

lECCompressmg Advos- 
batlcalltj (No Heat 
Conducted To Or 
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thcrmoilly (Heorh 
Conducted Through 
Cy n nd«r- Head 
Keeps Tcmperocture 
Consfotrr^ 


367.*~~R.efi’igerating iiia.ciiin.e operating on reversed, Oarnot cycle. 


Fig. 363. The processes illustrated in Fig. 367 may be represented by 
the pressure-volume diagram of Pig. 368. The temperature-entropy 
diagram will again appear as shown in 
Fig. 365 except that now the area ABLE 
represents work done on the gas instead 
of by the gas. The heat abstracted from 
the cold body (the output of a refrigerat- t 
ing machine. Sec. 405) is represented in J 
Fig. 365 by the area A'EDB', Hence, the £ 
coeffi,cie7it of perfor7nance = (area A'EDB') ^ 

(area ABLE'). Expressed in terms of 
the temperatures. 

Fia. 36S. — Pressure-volume dia- 
gram for the Carnot refrigerating 
machine with a gas as the w’orking 
substance. (Compare with Fig. 
364.) 

416. The Efficiency Of The Carnot Engine Cannot Be 
Exceeded By Any Other Engine Operating With The Same 
Hot And Cold Bodies. — This is a very important relationship 
inasmuch as it affords a criterion of the maximum efficiency 
that can be attained by any heat engine. The proof of the 
statement follows. 

Proof. — First imagine an arrangement, as suggested in Fig. 369, of 
a Carnot engine, E, driving a Carnot refrigerating machine, f?, both 


(298) Coefficient of perfor7nance = 

(number) 
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machines iitiiizing the same hot and cold bodies H and (7. From For. 
(283), by transposition, there results: Heat converted into work = {Heat 
supplied from hot body) X {Efficiency). And, from For. (292), the 
efficiency of a Carnot engine — (T^ — Tc)/T^. For each unit of heat 
that is supplied from H to E, there will be converted into work: 1 X 
f(Tif — Tc)/T£r] ~ {Th — Tc)/Tjy heat units. The difference between 
the heat supplied to E and the heat which E converts into work will be 
rejected to C. Hence, heat rejected to C for each heat unit supplied to 
E 1 — [(Tn' — Tc)/T^r] ~ Tc/Th heat units. 
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Pio. 369. Fia. 370. 

Fig. 369. — Imaginary arrangement of Carnot engine driving a Carnot refrig- 
erating machine. 

Fig. 370. — Imaginary arrangement similar to that of Fig. 369 but having the Carnot 
refrigerating macliine driven by an engine which is more efficient than the Carnot (if 
this were possible). 


Now, assume that the work developed in E is all expended in driving 
R. Then, for each heat unit supplied to F, (Tj? — Tc) /Tu heat units 
vdll be supplied, as work, to R. From For. (284), by transposition, 
there results: Heat abstracted from cold body — {Coefficient of performance) 
X (JV orh supplied) . And, from For. (298), the coefficient of performance 
of a Carnot refrigerating machine = Tc/(Ti 2 - — Tc). Hence, in Pig. 
369, for each {Th — Tc)/Tiy heat units supplied as work to R, there 
will be abstracted from C: Tc/(Th — Tf?) X [(T^ — Tc)/Tjt] = T< 7 /T^ 
heat units. This heat, together with the energy supplied to R as work, 
will be rejected by R to H. Hence, there will be rejected to H {Tc/Th) 4- 
[(Tj/ ~ Tc')/T^r] == 1 heat unit. It has therefore been proved that R 
returns to H just as much heat as E abstracts from it; also, that R 
abstracts from C just as much heat as E rejects to it. Hence the quan- 
tities of heat in C and H remain unchanged by the simultaneous opera- 
tions of E and R. 

Now suppose for the moment that there exists some engine which has 
a greater efficiency than E, Fig. 369. It would be possible to rise this 
engine to drive a Carnot refrigerating machine as indicated in Fig. 370. 
This engine, Fi, since it has a greater efficiency than E^ Fig. 369, would 




Sec. 417] 


GAS AND VAPOR CTCLES 


393 


convert into work a greater fraction of the heat that it abstracts from 
Hence, for each heat unit which Ei abstracts from H, there would be con- 
verted into work rnore than (T// — Tc)/T// heat units and there would be 
rejected to C less than Tc/T/j heat units. Also, since this engine, Ei 
supplies more energy for driving R than did Fig. 369, it will enable R to 
withdraw from C more heat units than did E — trwre than Tc Th heat 
units. Thus Rj Fig. 369, will reject to H the sum of the heat which it 
abstracts from C + the heat which it receives as mechanical energy from 
El = (more than Tc/'Th) A- [more than (Th — Tc) 'T//] ~ more than 1 he&t 
unit. Thus, with the arrangement of Fig. 370 more heat would be 
abstracted from C by R than is rejected to C by Fi, and more heat would 
be rejected to H by R than is abstracted from H by Ei, Hence, the net 
effect of the arrangement would be a steady flow of heat from C to H. 
But no energy has been assumed to be supplied from the outside to the 
arrangement of Fig. 370 in order to cause the heat to flow from the cold 
body C to the hot body H, Hence it is obvious that the arrangement 
would be one which transfers heat from a body of low temperature to a 
body of higher temperature without the expenditure of energy from 
without. 

The whole arrangement might be considered as a refrigerating machine 
which operated with zero input. Since sxich an apparatus is ineoneeivable 
and in violation of the second law of thermodynamics (Sec. S4), it follows 
that there must have been a fallacy somewhere in the above assumptions. 
The fallacy lies in the assumption of a heat engine of greater efficiency 
than the Carnot engine. Hence, no heat engine can have a greater effi- 
ciency than a Carnot engine operated xoith the same hot and cold bodies, 

417- The Rankine cycle is the standard for vapor heat 
engines ; that is, it is a theoretical cycle which can be much 
more nearly attained in actual practice than could a Carnot 
cycle. In the Carnot cycle the heating and cooling of the 
working substance must be effected within one cylinder (as 
explained in Sec. 412). A cylinder could not, however, be 
made of non-heat-conducting material — hence a great deal of 
heat would be used in heating the cylinder. Furthermore, 
isothermal heating and cooling would, in general, be difidcult to 
effect. With the Rankine cycle, however, the heating and 
cooling of the working substance can be effected in vessels 
which are independent of the cylinder or machine wherein the 
transformation of heat energy into mechanical energy is 
effected. The Rankine cycle is explained below. As will bc^ 
shown, its efficiency is always less than that of the Carnot 
cycle between the same hot and cold bodies. 
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Explanation. — The actual steam power plant (Fig. 371) consists of a 
boiler, wherein water is heated and evaporated at constant pressure; 
a pipe to lead the steam from the boiler to the engine (or turbine), E; the 
engine (or turbine), E, wherein the steam is permitted to expand; a con- 
denser, C, to which the steam is exhausted from E and in which the steam 
is condensed; and a feed pump, P, which forces the water into the boiler 
to begin a new cycle. Under ideal conditions, the processes which the 
water undergoes in this plant constitute the Rankine cycle. The ideal 


. ' '-5fecmi Tc Engfine 



"fhiof pump 


-A simple steam power plant. 
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Fig. 372. — Typical pressure-volume 
diagram for the Rankine cycle. 


conditions are these: The steam, in passing from B to E, should undergo 
n© loss of heat or pressure. The expansion of the steam in E should be 
adiabatic (isentropic) (Sec. 385) and should continue until the pressure of 
the steam is reduced to the pressure within the condenser, C. The steam 
should be conveyed from E to C without loss of pressure. The condensed 
steam should leave C and enter B at the temperature of the boiling point 
corresponding to the pressure in C. Because of heat conduction into and 
through conjSining metal walls and because of friction of the steam on 
the walls of pipes, the actual engine does not fulfill these ideal conditions 
(sometimes, also, the expansion in E is stopped before the pressure 
reaches that of the condenser, see Sec. 420). 

Explanation. — The rankine cycle for the plant op Fig. 371 
MAY BE PICTURED ON THE PRESSURE-VOLUME PLANE by the diagram 
BDEFj Fig. 372. In this diagram, AD represents the volume of a given 
weight of steam as it leaves the boiler (or superheater) and AB represents 
its volume as it enters the boiler. Hence, BD represents the evaporation 
of the water (and superheating if the steam is superheated at D) in the 
boiler. Also, the area under the line BD represents the external work 
done in the boiler. DB represents the adiabatic (isentropic) expansion of 
the steam within the entire cylinder or within the turbine; hence the 
area under DE represents the work done by the steam during its expan- 
sion. Since GE represents the volume of the steam as it enters the 
condenser and GF represents the volume of the water as it leaves the 
condenser, EF represents the condensation of the steam in the condenser. 
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Hence, the area under EF represents the external work done on the steam 
as it is forced into the condenser at constant pressure. The line FB 
represents increase in pressure that is effected in the feed pump {P, Fig. 
372). Since water is practically incompressible, it may be said that no 
external work is done on the water as its pressure is increased in the feed 
pump. Hence, considering the entire cycle, the tiet work = {area under 
BD) -h {area under DE) — {area under EF) == area BDEF. 

— The te.mpkrature-entropy riagram op the rax- 
KiXE CYCEE FOR THE PLANT OF FiG. 371 Will appear as shown in I’ig. 



I- Vapor Saturated IL-Vapor 5\lght1i^ Sup- Ht-Vapor Highly ' 
A.t D erheated M t> heated At O 


Fig. 373. — Typical temperature-entropy diagrams for the Rankine cycle. The 
letters correspond to those used on Fig. 372. Note that the diagram ni&y have three 
distinct shapes. 


373 — it will appear as shown in I, //, or III, depending on the condition 
of the steam as it leaves the boiler. The heat added in the boiler is 
represented by the area B'BKDD'. The heat rejected by the condenser 
is represented by the area B'BED\ The difference between the two 
areas, that is the shaded area, represents the heat which is converted into 
work. 


418. The Indicator Diagram Of A Steam Engine Is Not The 
Pressure-volume Diagram Of Its Cycle. — Since the quantity 
of steam in a steam-engine cylinder changes from time to time, 
the steam does not perform a true cycle (Sec. 402 ) within the 
cylinder. The true cycle can only be analyzed by considering 
the entire plant as was done above. The steam performs 
a portion of its cycle in the cylinder, however, and the pseudo- 
cycle of tlie steam-engine cylinder can be represented by a 
pressure- volume diagram. AVhen such a diagram is obtained 
by a recording pressure gage (as indicator, Sec. 685 ), the 
diagram is called an indicator diagram. 
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Note. — Tbce theoretical indicator diagram for the rankine- 
CYCLB ENGINE (Fig. 374) may be drawn from values in the steam table. 
If the cylinder had no clearance volume (Sec. 245), the theoretical indi- 
cator diagram for the Rankine-cycle engine would appear as shown at 
ADEGj Fig. 372, in which the volume GE would then represent the dis- 
placement volume of the cylinder (Sec. 245). AH represents the adTnis- 
sion of steam from the boiler. L>E represents the expansion of the steam 

after the supply from the boiler has been 
cut off. EG represents the exhausting of 
the steam into the condenser. An engine 
cylinder with clearance would, however, 
perform the same functions just as well as 
one without clearance, provided that, on 
the exhaust stroke, enough steam were 
retained in the cylinder so that adiabatic 
compression of this steam into the clear- 
ance volume would return this steam to 
the same pressure and quality or superheat 
as the incoming steam from the boiler. 
The diagram from such a cylinder would 
appear as shown in Fig. 374. The line AB 
represents the volume of steam admitted to the cylinder; CD represents 
the volume of steam exhausted to the condenser. 
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Fig. 374. — Theoretical Rankine- 
cycle indicator diagram for an 
engine with clearance. 


419. The thermal efl5.ciency of the RaiiMiie cycle may be 

computed by the formula given below. This efficiency (Sec. 
417) is always less than that of the Carnot cycle between the 
same hot and cold bodies. Since the Rankine cycle is a 
theoretical cycle, no vapor engine actually has an efficiency 
as high as that given by the following formula. But, since 
the Rankine cycle is the one which is closely followed by vapor 
engines, the efficiency value as fovind by For. (299) serves as 
standard or ultimate goal in the performance of any given 
engine. The formula is stated here and is derived below: 

(299) (decimal) 

Wherein: E = the thermal efficiency of the Rankine cycle, 
expressed decimally, Hi = total heat of the vapor leaving the 
boiler (Sec. 365), in British thermal units per pound. H 2 == 
the total heat of the vapor after adiabatic expansion (Sec. 385) 
to the pressure of the condenser, in British thermal units per 
pound. h 2 — the heat of the liquid at the temperature of con- 
densation, in British thermal units per pound. 
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Derivation. — Since, by definition (Sec. 404) the tiiermal efficiency of 
a heat engine = (work done) (heat added), the efficiency may be mad 
from Fig. 373. In Fig. 373, work done == area 3JKDE; and heat added = 
B'BKDD', Hence, 


(300) 


Area BKDE 
Area B'BKDD' 


(decimal ) 


Now, area OJKDD' == Hi; area OJBED* = Hs; and area OJBD* = h.. 
Also, 

(301) Area BKDE = {area OJKDD' ) — (area OJBED') (area) 
or, by substitution, 

(302) Area BKDE = Hi - Ha (area) 

Likewise, 

(303) Area B'BKDD' = {area OJKDD^) — {area OJBB'} (area) 
or, by substitution, 

(304) Area B'BKDD^ = Hi — ha (area) 

Hence, by substituting from (302) and (304) into (300), there results: 

(305) E = (decimal) 

which is the same as For. (299). 

Example. — What would be the Rankine-cycle efficiency for a steam 
power plant in which the boiler delivers steam, of 95 per cent, quality, 
to the prime mover at 125 lb. per sq. in. abs. and in which the condenser 
pressure is 2 lb. per sq. in. abs.? Solution. — From the heat -entropy 
chart of Fig. 343, Hi = 1,147 and H 2 == 888 B.t.u. per lb. Also, from 
Steam Table 394, h 2 = 94 B.t.u. per lb. Hence, by For. (299), the 
efficiency = E = (Hi - H 2 )/(Hi = hs) = (1,147 - 888) - 5 - (1,147 - 94) 
= 0.246, or 24.6 per cent. 

Example. — What would be the efficiency of a Carnot cycle bet\ceen the 
same temperatures as the preceding example? Solution. — From the 
steam table, the temperature of the steam leaving the boiler ~ 344.4° F., 
and the temperature of condensation = 126.15° F. Hence, by For. 
(292), the Carnot efficiency = E = (T// - Tc)/T:h == (344.4 ~ 126,5) ^ 
(344.4 4- 460) = 0.272, or 27.2 per cent. 

420. The ‘‘theoretical steam-engine cycle^’ (Fig. 375) 
differs from the Raukine cycle for several reasons: (1) In actual 
engines the steam is hardly ever expanded until the pressure 
within the cylinder reaches the condenser pressure because this 
would necessitate a very large cylinder volume and such a 
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large volume would occasion large frictional and thermal losses 
which would overbalance the additional work that would be 
obtained by the continued expansion to condenser pressure . 
Thus, in actual engines, the work area GCH, Fig. 375, is 
intentionally not used or is ^4ost.^’ The maximum loss from 
this source occurs in the non-expansive engine (Figs. 359 
and 360) in which the steam is released from the cylinder at 

practically supply pressure. (2) For 
the same reasons as in ( 1 ) and to pro- 
vide smoother operation, the com- 
pression of the steam (after the 
exhaust valve is closed) is hardly 
ever carried to boiler pressure. 
Compression is begun later in the 
stroke than shown in Fig. 374 — more 
as shown at DB, Fig. 375. The in- 
coming steam must, therefore, help 
to fill the clearance volume — this 
entails a loss as shown by the area 
also usually intentional. Hence, the 
indicator diagram FBGHDB, Fig. 375, represents the theoreti- 
cal steam-engine 'pseudo-oyQle. This cycle is sometimes called 
the modified Rankine cycle. It is not convenient to draw either 
the pressure-volume or the temperature-entropy diagrams of 
the true steam-engine cycle. 

Note. — The actual steam-engine inbicator biagram differs from 
the theoretical because of unavoidable losses, the principal losses being: 

(1) Los 8 due to steam f riction as the steam flows through the supply and 
exhaust pipes and through the valves of the engine. 

(2) Loss due to heat absorbed and liberated by the metal cylinder arid 
piston. The parts of the engine with which the steam contacts will tend 
to follow and attain the temperature of the steam. Certain parts of the 
engine, the valves and pipes, will always be in contact with steam at 
practically the same temperature — hence, after the engine has been 
operating for a short while, these parts will no longer absorb heat from the 
steam. The piston and cylinder, however, are exposed to the steam as it 
expands — hence, as the steam-temperature rises and falls, the tempera- 
ture of the walls will tend to rise and fall too. When steam from the 
boiler enters the cylinder, it will give up a portion of its heat to the 
cylinder walls and piston. After the steam has expanded somewhat, its 
temperature will be less than that of the walls and it will then absorb 
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Fig. 375. — Theoretical steam- 
engine indicator diagram showing 
losses due to incomplete expansion 
and late compression. 
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the heat from them. Thus there is a continual interchange of heat 
between the steam and the cylinder and piston. This heat interchange 
occasions a loss of energy. 

(3) Loss due to radiation. The steam is, from the time it leaves the 
boiler until it is exhausted by the engine, within bodies which cannot be 
well enough insulated to prevent the flow of heat through them. A small 
amount of heat is lost in this way. The sum of the losses due to the 
above causes and due to the difference between the theoretical steam- 
engine cycle and the Rankine-cycle is shown by the shaded area on Fig. 
376. 

421. Steam engines may be operated as air engines if they 
are supplied with air under pressure 
The theoretical indicator diagram 
for an air engine appears almost the 
same as shown in Fig. 375, the chief 
difference being that the expansion 
line EG has a slightly different slope. 

Such air engines are not generally 
suitable for power purposes because of 
the difficulty of supplying compressed 
air. For certain uses, however, such 
as portable tools, air engines are 
extensively used. They have the 
advantage that they may be supplied 
with air from a compressor at a great 
distance without very large loss through the piping (in cases 
where much steam would condense). 

422. The Otto cycle, so called, is a pseudo-cycle which is 
employed in most of the present internal-combustion engines. 
It was devised in 1862 as a cycle the operations of w^hioh were 
to be carried out in four strokes of a piston within a cylinder 
as explained below. It has since been applied to engines 
wherein two of the four processes are performed simultaneously 
as explained in Sec. 539. Until the invention of the Diesel 
engine (Sec. 547), the Otto cycle provided the most efficient 
internal-combustion engine known. 

Explakatiox. — The theoretic.al puEssiiRE-voErriviE (or ixdica- 
tor) diagram of THE OTTO CYCLE is showu in Fig. 377. AB represents 
the suction stroke during which a charge of combustible gas and air is 
drawn into the cylinder at atnu)spheric pressure. BC represents the 


instead of with steam. 
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Fig. 376 . — X typical steam- 
engine indicator diagram super- 
imposed on a theoretical Rank- 
ine-cycle diagram to show where 
the losses (shaded) occur. 
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compression of the charge (adiabatically) into the clearance volume. At 
C the charge is ignited by a spark causing an explosion or constant- 
volume heating CD. The heated gases then expand adiabatically, forc- 
ing the piston away from the closed end of the cylinder — process DE. 
A valve then opens the cylinder to the atmosphere and permits the gas 
to escape — ^process EB. The piston is then moved toward the end of the 
cylinder and forces the greater portion of the remaining gas into the 
atmosphere through the open exhaust valve — process BA. The cycle 
is thus completed. For two strokes of the piston, AB and BAy the 

pressure on the piston is atmospheric. 
Hence the work done by the piston in 
exhausting the gases is balanced by the 
work done on the piston by the incoming 
gases during suction — ^the net work for 
these two strokes is zero. 

During the compression stroke, BC, the 
piston does work on the gas as represented 
by the area under BC. During the expan- 
sion stroke the gas does work on the piston 
as represented by the area under DE. 
Processes CD and EB, since they are con- 
stant-volume processes, represent no work, 
cycle is the difference between that done 
during the expansion and compression strokes, or as represented by the 
area BCDE. The actual construction and operation of Otto-cycle 
engines will be explained in Div. 16. 

From the standpoint of heat added and work done, the cycle is the 
same, as can be shown, as if the gas were heated and cooled within the 
cylinder so as to produce the effects CD and EB. Hence, the pseudo- 
cycle is exactly equivalent to a true cycle which would be represented 
by the same pressure-volume diagram (Fig. 377). 

423. The thermal eflB.ciency of the theoretical Otto cycle 

may readily be computed from the energy relations given in 
Div. 8. The net work of the cycle is the difference between the 
work done during the two adiabatic processes. The heat is 
added only along the process CT> (Fig. 377). By writing the 
energy relations for these processes, it may be found that the 
efSciency of the cycle is given by the following formulas: 


(306) 

Ts Tb 

Tc T; 

(decimal) 

(307) 

- - - 

(decimal) 


, (Jearame Displacement 
— Volume - 



V o 1 u m e 
Fia. 377. — Typical pressure- 
volume or indicator diagram of 
the theoretical Otto cycle. 

Hence, the net work of the 
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(308) 


E = 1 - 


k-1 

k 


(decimal ) 


Wherein: E = the thermal efficiency of the cycle, expressed 
decimally. T = absolute temperature, in any unit. V = 
volume, in any unit. P = absolute pressure, in any unit. 
The subscripts denote points of Fig. 377. Thus, Tb = the 
absolute temperature of the gas at Fig. 377. k = tlie ratio 
of the specific heats of the gases (Cp/Cr) and is generally taken 
as 1.4. 

Example. — Wliat is the theoretical efficiency of an Otto-eyele gas 
engine if the gas is compressed to 90 lb. per sq. in. abs. when explosion 
occurs? (Take k = 1.4.) Solution. — Bv For. (308), the ejffieieney — 
k — 1 

E = 1 - {Pb/Pc) ^ 1 - (14.7 -e 90)^ ^-^ 0.404, or 40.4 ccn/. 


424. The Diesel cycle is a pseudo-cycle of recent invention 
upon which internal-combustion engines can be made to 
operate and which gives higher efficiencies than does the 
Otto cycle. The Diesel engine is particularly adapted to the 
combustion of heavy oils. It is a four-stroke c^^cle like 
the Otto but difi’ers in the method of introducing and igniting 
the fuel. The operation and construction of commercial 
Diesel-cycle engines is explained in Sec. 547. An explanation 
of the cycle is given below. 


Explanation. — The theoretical pressure-volume or ineicatob 
EiAGRAM OF THE DIESEL CYCLE is showR in. Fig. 378. Line AB represents 


.•C/eamtnct VbTurtie 
D hp/ofcemenf Volume- 


the suction stroke during which atmos- 
pheric air is drawn into the cylinder. Line 
BC represents the adiabatic compression of 
this air into the small clearance volume. 

The temperature of the air at C, where the 
pressure is about 500 lb. per sq. in., is very 
high. Oil is then forced into the cylinder 
and, due to the high temperature of the 
air, immediately ignites and bums. The 
shape, on the pressure-volume diagram, 
of the line which represents the burning 
of the oil depends on the rates of oil admis- 
sion and piston movement. The process 
may be (1) one of constant pressure, as 
CE, (2) one of constant pressure and constant temperature, as CDB\ 
or (3) one of constant temperature throughout the entire burning, 



Fig, 378. — Pressure- volume or 
indicator diajjrani of the theoreti- 
cal Diesel engine. 
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as CG (see Fig. 485 for actual Diesel-engine indicator diagram). The 
burned gases are allowed to expand adiabatically to H where an exhaust 
valve is opened and the pressure immediately drops to atmospheric. 
On the return stroke of the piston the burned gases are exhausted to the 
atmosphere — process BA — and the engine is then ready to begin another 
cycle. As with all cycles, the net work is represented by the area enclosed 
by the lines of the pressure-volume diagram. 

426. The thermal efficiency of the theoretical Diesel cycle 

may be computed by applying the energy-relation formulas for 
gases as given in Div. 8. The efficiency depends on the pres- 
sures, volumes, and temperatures of the gases at different 
points during the cycle and on the nature of the burning 
process; that is, whether the oil is burned at constant pressure, 
constant temperature, or in some intermediate manner. For 
constant-pressure burning, the efficiency can be shown to be: 


(309) 


E = 1 


1 

kVT^ -- 


(decimal) 


Wherein: E = the thermal efficiency of the cycle, expressed 
decimally, k = the ratio of the specific heats of the gases 
(Cp/Cr) and is generally taken as 1.4. T^, Tp, T^, and Tc = 

respectively the absolute temperatures of the gases at points 
H, B, E, and C (Fig. 378), in any unit, provided all are in the 
same unit. 


Example. — If the temperatures at points B, C, E, and H (Fig. 378) are, 
respectively, 130, 1,160, 2,980, and 1,180® F., what is the theoretical effi- 
ciency of the cycle? (Take k = 1.4). Solution. — By For. (309), the 
efficiency = 1 — [(1/k) X (Th — Tb)/{Te — Tc)] = 1 — [(1 -r- 1.4) X 
(1,180 - 130) (2,980 - 1,160)] = 0.549, or 54.9 per cent. 

426. All compressors (Fig. 379) operate on a pseudo-cycle 
which is explained below and in succeeding sections. Although 
this pseudo-cycle is generally called the air-compressor cycle, 
it is actually the cycle of all gas and vapor compressors. A 
compressor, in general, is a machine by which a gaseous sub- 
stance is transferred from a vessel of low pressure to one of 
higher pressure. A compressor is an essential part of practi- 
cally every refrigerating machine. 

Explanation. — Operation op a compressor with no clearance. 
Consider first a cylinder and piston so constructed as to have no clear- 
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ance volume (Sec. 245). Starting with the piston against the cylinder 
head, let the piston be drawn away from the head w^hile a valve (in the 
head) is open. Air (or some other gaseous substance) will be drawn into 
the cylinder through the open valve. Assume that the air (or gas) is 
drawn from a large vessel so that the pressure is constant during the 
time that the air is drawn into the cylinder. This process may be repre- 
sented by the line AB (Fig. 380). Let the valve through which the air 

entered be then closed and let the 
piston be moved back toward the 
cylinder head. The gas will be 
compressed. If no heat is addeil 
to or abstracted from the air, the 
compression will be adiabatic, BC 
Fig. 380, and the temperature will 
rise. When the pre.ssure in the 
cylinder becomes equal to that in 
the vessel into which the air is to 


3 

IP 


Fig. 370 . — A simple air com- Fig. 380. — Pressure- volume dia- 

pressor. Water, IF, must be circu- gram for theoretical air compressor 

lated around the cylinder to keep with zero clearance and adiabatic 

it cool. compression. 

he transferred, let another valve be opened so that further movement of 
the piston toward the head will expel the air from the cylinder into the 
high-pressure vessel. If the vessel is large, the pressure during this dis- 
charge will remain practically constant as at CD, Fig. 380. As soon as 
the piston is again moved from the head, it will draw in a new charge of 
air from the low-pressure vessel and thus begin a new cycle. before a 
new charge can be drawn in, however, the pressure in the cylinder will 
fall to that of the lower-pressure vessel — process DA, Fig. 380. 

427. All Actual Compressors Have Clearance. — Since it 
is infeasible, practically, to attempt the construction of a 
compressor without some linear distance between the cylinder 
end and the piston when it is at the end of its stroke, all 
actual compressors must be somewhat different in their 
operation from that described in Sec. 426. 
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ExpliANAtion.-~^Operation of a Compressor with Clearance. — 
A certain volume of air, GF Fig. 381, will, because" of the clearance, 
remain within the cylinder at the end of the discharge process. Then, 
if the valve connecting the cylinder with the low-pressure vessel were 

immediately opened, this air would flow 
into the low-pressure vessel. It is better 
to keep the valve closed and permit the 
high-pressure air in the clearance volume 
(at F, Fig. 381) to expand adiabatically 
within the cylinder until its pressure is 
reduced to that of the low-pressure vessel, 
FA Fig. 381. If the valve to the low- 
pressure vessel is then opened, air will be 
drawn into the cylinder for the remainder 
of the piston’s stroke. Thus, a volume 
Fig. 381. — Theoretical indicator of air ABj which is less than the displace- 
diagram for air compressor witli volume (See. 245), is drawn into 

c earance. cylinder. The volume AB^ Fig. 381, 

is called the low-pressure capacity of the compressor. Hence, to transfer 
the same weight of air per cycle, volume AB, Fig. 381, must equal 
volume AB, Fig, 380, or — the displacement volume must be greater for 
the compressor with clearance. 

428. The volumetric eflELciency of a compressor may be 
defined as the ratio of the low-pressure capacity (Sec. 427) 
to the displacement volume. Expressed as a formula: 


„*<Merrar}ce Vo/ifn?e 
•y ^'DfspIaeemenf Volume — 



(310) 


E olwmetric 


efficiericy — 


Low-py'essure capacity 
Displace^nent volume 1 

(decimal) 


Example. — If, in Fig. 381, the length AB = 1 in. and the displacement 
volume is represented 1.2 in., what is the volumetric efficiency of the 
compressor? Solution. — By For. (310), the Volumetric ejficiency « 
{Low-pressure capacity )/ {Displace me7it volume) == 1.0 ^ 1.2 = 0.833, or 
83.3 per cent. 

429. The work required to operate a compressor is inde- 
pendent of the clearance of the compressor — that is, for a 
given weight of air, the same pressures, and the same kind of 
compression, the work required is the same for a compressor 
with clearance as for one without clearance. The work is 
represented by the areas ABCD Fig. 380 Fig. 381. 

The work done on the air, in either case, remains within the 
discharged air as heat energy. 
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ExpliAistation. — The effect of the compress toN cchve on the 
WORK OP A COMPRESSOR will HOW be analyzed. In many instances the 
discharged air is stored for a long time or piped a great distance before 
it is employed. When this is done, the air generally is cooled and very 
frequently it is cooled to the temperature of the low-pressure vessel. 
When this occurs, the volume of high-pressure air is decreased from FC, 
Pig. 381, to FE, That is, for every FC cu. ft. delivered by the com- 
j>ressor, only FE cu. ft. appear where the air is being used. This natur- 
ally raises a question as to whether it would not l;)e better to compress the 
air isothermally instead of adiabatically. If, in Fig. 3Sl, the compression 
were isothermal, BEy instead of adiabatic, BC, the work area of the cycle 
would be ABEF instead of ABCF. Hence, 
iniich less work would be required if the 
compression were isothermal. To secure 
isothermal compression, however, heat 
must be abstracted from the air, during the 
compression, as fast as work is done on 
the air. The customary way of abstract- 
ing heat is by jacketing the compressor 
cylinder with flowing water (IT' Fig. 379). 

By so doing, however, enough heat cannot, 
in practical machines, be abstracted to produce isothermal compression. 
The general result is a poly tropic compression (Sec. 273) about as shown 
by BD, Fig. 381. The saving due to the water jacket is therefore the 
area DCB, 

Note. — Acttjad Compressor Diagrams Differ From The Theo- 
retical (Fig- 382). Since actual compressors are generally made with 
valves, V (Pig. 379), which are automatically opened and closed by the 
differences of pressure on their two sides (Fig. 379), and since these valves 
must be fitted with springs to insure their rapid closure, the pressure of 
the air within the c?yiinder during the suction stroke hlH, Fig. 381) will 
always be less than that of the low-pressure vessel, and the pressure within 
the cylinder during discharge will always be greater than that of the 
high-pressure vessel (see Fig. 382). 

430. Compound, or staged, compressors are those in which 
the gaseous substance passes through more than one cylinder 
in having its pressure raised from that of the low-pressure vessel 
to that of the high-pressure vessel. When the ratio of pres- 
sures (absolute discharge pressure absolute supply pressure) 
of a compressor is greater than 6, compressors are generally 
made compound- That is, the gas is first compressed in one 
cylinder to some pressure intermediate between discharge^ 
and supply pressures. It is then cooled in a suitable vessel 
called an intercooler , and is then further compressed in a second 



indicator diajairaui. 
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eompres;!>or cylinder. Sometimes a second intercooler and a 
third compressor cylinder are employed — ^the compressor is 
then termed three stage, A compressor which employs two 
cylinders and one intercooler is termed two-stage. A two-stage 
compressor diagram is shown in Fig. 483. The object of eom- 
ponnding compressors is two-fold: (1) The volumetric efficiency 
of compou7ided compressors is greater than that of single-stage 
compressors. (2) Compounded compressors require less work for 
delivering a given quantity of gas (or vapor') between given pres- 
sures than do single-stage compressors. See explanation below. 


ExmANATiox. — ^T he theoretical inbicator diagram for a single- 
stage COMPRESSOR without clearance is shown in Pig. 383 by AFPL. 
If the compression could be made isothermal it would be represented by 
PD and the saving in work over polytropic compression would be rep- 
resented by the area DFP. If two-stage compression is desired, however, 
the polytropic compression would be stopped at a point K, and the com- 
pressed substance would be discharged (KG) at this pressure into an 

intercooler. Here the substance would be 



Vo I u m e 


Fig. 383. — Theoretical indica- 
tor diagram showing benefits of 
c'ompound compression.. 


cooled to the temperature which it had 
when at P. Hence, when the substance is 
drawn into the high-pressure cylinder, its 
volume would be only GJ. When further 
compressed, the compression will again be 
polytropic and will be represented by JE. 
The temperature of the substance at E 
will be less than at F with single-stage 
compression. The work done in the high- 
pressure or second-stage cylinder is repre- 
sented by the area AEJG. That done in 
the low-pressure or first-stage cylinder is 


represented by the area GKPL. Hence, a saving in work is effected by 


compounding, as is represented by the area EFKJ (shaded). 


431. Concerning Volumetric EffiLciencies Of Compound 
Compressors : Assume that the single-stage compressor can be 
made with a clearance volume as small as AC (Fig. 383). The 
gas compressed in this volume will expand along CN . The 
low-pressure capacity will then be NP. Now, the same 
cylinder, if used as the low-pressure cylinder of the two-stage 
compressor, would have a clearance expansion line HM and a 
correspondingly large low-pressure capacity MP. The high- 
pressure cylinder, being of much smaller size than the low-pres- 
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sure cylinder can be constructed ^dtli a proportionally smaller 
clearance volume, AB. Besides requiring less work and having 
greater volumetric efficiencies than single-stage compressors, 
com/pounded compressors generally have higher mechanical 
efficiencies and suffer less leakage past the pistons. 

Note. — The pboper intercooeer pressures for coMPou:Nri> com- 
pressors, when intercooling reduces the temperature of the compressed 
gas to that at which the gas enters the first stage, are such that the ratio 
of pressures is the same for each of the several cylinders. Hence, for a 
two-stage compressor ; 

(311) (pressure) 

Wherein: P = absolute pressure in intercooler. P\ and P 2 = respec- 
tively, the absolute suction and delivery pressures. All pressures must 
be measured in the same units. 


432. A refrigerating-machine cycle, in which the working 
substance is gaseous throughout the cycle, is explained below. 
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Fig. 3S4. — Typical equipment for a low-pressure air refrigerating machine. 


Because air, being the most easily obtained gas, is generally 
used in this cycle, it is usually spoken of as the cycle of the air 
ref rigeratmg rnachiyie. 

Kxpean'ation. — The apparatus of an air refrigerating machine is shown 
ill Fig. 384. The compressor, C, delivers air through a cooling coil, D, 
wherein the air is cooled by circulating water, to the lowest possible tem- 
perature. From D the air passes to an air engine, P, usually called an 
expander^ where the air does work on a piston and simultaneously has its 
temperature reduced. The work done by the expanding air in E is 
utilized to drive the compressor; but, since it is insufficient for this pur- 
pose, must be suplemented by work from an external source such as the 
motor, M. The expanded air from K passes tlirough an exhaust pipe A 
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into the refrigerated space JR. After being warmed by the absorption 
of heat in i?, the air is withdrawn at B and reenters C for a new cycle. 
The pressure of the air in JR must, for practical reasons, be atmospheric- 
This method requires a compressor and expander of very large cubical 
capacity. A slight modification permits the use of much smaller com- 
presser'and expander. Openings A and B (Fig. 384) are generally 
connected to a pipe coil— a cooling coil — of large external area. The 
apparatus is then so operated in starting that the air in this coil is com- 
pressed to a moderate pressure. The refrigerating cycle is then the same 
as above described except that the air is, at all points, under much greater 
pressure and hence has a much greater density. This apparatus is called 
a dense-air refrigerating machine (Fig. 566). 
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Fia. 385. — Theoretical indicator 
diagram of a gas refrigerating- 
machine cycle. 


Fig. 386. — Temperature- 
entropy diagram, (not to scale) of 
the air-ref rigerating-machine 
cycle: Figs. 384 and 385. 


Explanation. — The presshbe-volume relations (indicator dia- 
grams) OF THE GAS REFRIGERATING-MACHINE cycle are shown in Fig. 
385. Clearances are neglected. FD represents the suction stroke of 
the compressor, DC the compression stroke, and CA the discharge stroke. 
AB represents the admission stroke of the expander, BE the expansion 
stroke, and EF the exhaust stroke. Hence, area ACDF represents 
the "work required to drive the compressor, and area ABEF represents the 
work done by the expander. The difference, or BCDE^ represents the 
work which must be supplied from an external source {M in Fig. 384). 
The cycle is, in effect, the same as if the air were compressed in C (Fig- 
384), cooled in D, expanded in E^ and heated in R as shown by the 
diagram DC BE (Fig. 385). This is actually the true cycle (Sec. 402). 

Explanation. — The temperature-entropy diagram op the true 
GAS refrigerating-machine cycle is shown in Fig. 386. The heat 
abstracted from the ‘‘cold body” is represented by the area E'EDD'. 
The heat equivalent of the net work of the cycle is represented by the 
area BCDE. The heat rejected to the “hot body” is represented by the 
area E^BCDD'. 


433. The vapor-refrigerating-machine cycle is that which is 
employed in most practical refrigerating plants (see Div. 18). 
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In this cycle the working substance is made to undergo 
changes of state — it is liquid at certain times and gaseous 
(vapor) at other times. Because of the large latent heat of 
vaporization of certain liquids which are used, the machines 
employed in this cycle can be made much smaller for a given 
service than could gas refrigerating-macliiiies. The cycle is 
explained below. The actual machines and processes are 
described more fully in Div. 18. 


Explaistation’. — A simple vapor refrigerating plant is illustrated in 
Fig. 387. Assume the compressor, C, to be supplied with ammonia 
vapor at a low temperature and pressure. The vapor will leave the 
compressor at a higher temperature and pressure. Let the pressure be 
high enough that the corresponding boiling point is higher than the tern- 
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Fig. 387. — A simple vapor refrigerating plant. 


perature of water from some nearby natural sources such as a stream or 
a well. If this water is passed over the pipes through which the com- 
pressor discharges, as in the condenser J5, the vapor inside the pipes will 
be cooled by the water to its boiling point and will also be eondensed. 
If enough water is supplied to i?, the condensed vapor will be cooled below 
its boiling point. The pressure in the coils of B will remain constant 
because more hot vapor is supplied by the compressor as fast as the 
vapor in the coils is condensed and permitted to flow from the coils 
through the valve V. From 1', the working substance is permitted to 
flow into coils E where a low pressure is maintained. In passing through 
F, therefore, the warm liquid sutlers a throttling expansion (See. 387) 
and enters F as a very wet vapor at low pressure. The temperature of 
the wet vapor is very low because of its low pressure. Heat will pass 
through the coils E to the vapor insi<ie and will cause vaporization of the 
liquid portion of the vapor. Heat will tlius be ahsorlied by tlie \’apor 
from the room R. Until the vapor becomes dry, its temperatun* will 
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remain constant, because the pressure in the coils is maintained constant, 
as explained below. Should the vapor be permitted to remain within 
the coil E after it is completely vaporized, it may become superheated. 
The pressure in the coil is maintained constant by removing vapor with 
the compressor C as fast as it is admitted through V and is vaporized. 
The vapor that is removed by C is compressed and repeats its passage 
through the system. 

— The pressitre-volxtme diagram op the vapor- 
REFRIGERATING-MACHmE CTCLE (Pig. 388) 
is very similar to that of the theoretical 
Rankine cycle (Fig. 372). If C (Fig. 388) 
represents the pressure and volume of a 
given weight of vapor as it enters the com- 
pressor, C, Fig. 387, then CD represents its 
compression in the compressor, DA repre- 
sents its condensation in the condenser, 
AB represents the reduction of pressure 
Fig. 388. — Pressure-volume dia- and increase in volume as the vapor passes 
cyX through the expansion valve, V, Fig. 3?7, 

and BC represents the vaporization of 
the liquid in the expansion coil, E, Fig. 387. Since the process AB (Fig. 
388) is a throttling expansion, the area under AB does not represent work 
done and the area ABCD does not represent the net work of the cycle. 
The net work may, however, be found from the indicator diagram of the 
compressor which will appear as shown in Fig. 381. 

Explanation. — The temperature-entropy diagram op the vapor- 
REPRiGERATiNG-MACHiNE cycle will Vary in appearance with the condi- 
tion of the vapor as it enters the com- 
pressor — w h e t h e r wet, dry, or super- 
heated — and with the temperature at 
which the liquid reaches the expansion 
valve. If the vapor entering the com- 
pressor is in the dry-saturated condition 
and reaches the expansion valve at a 
temperature intermediate between those of 
condensation in B (Fig. 387) and vaporiza- 
tion in E, then the temperature-entropy 
diagram will appear as shown in Fig. 389. 

In Fig. 389, represents the compression Fig. 389. — Typical temperature- 

of the vapor, DEFA represents the cooling diagram of a vapor- 

in the condenser, AB represents the throt- ^^^'^seratmg-macMne cycle, 
tling expansion through the valve, and BC represents the vaporization in 
the expansion coils. The area B'BCC' represents the heat abstracted 
from the cold body (R, Fig. 387), area D'DCC' represents the heat 
rejected to the compressor cooling water, area A'AFEDD' represents the 
heat rejected to the condenser cooling water, and area A' ABB' has no 
real significance. 
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4S4. The indicated work of a heat engine or refrigerating 
machine is the mechanical work that is expended by or on the 
working substance within the cylinder. It is the work that is 
measured by the indicator (Sec. 684) diagram which is taken 
from the cylinder (see Secs. 503, 504 and 549 for methods of 
computing indicated work). For heat engines, the indicated 
work is always more than the work which is actually available 
at the engine shaft for useful purposes. For refrigerating 
machines, the indicated work is always less than the work 
which must be supplied at the compressor shaft. The differ- 
ence between the indicated work and the shaft input or output 
is due to the loss of energy within the machine due to the 
friction of its parts. The ratio of the shaft output of a heat 
engine to its indicated work is called its mechanical efficiency. 
The ratio of the indicated work of a compressor (or refrigerat- 
ing machine) to its shaft input is likewise called its mechanical 
efficiency. 

Note. — The Indicated Work Op Purely Rotative Machines 
Cannot Be Measured. — Examples of purely rotative machines are the 
steam turbine and the turbo-compressor. Since these machines do not 
employ pistons in cylinders, no indicator diagrams can be obtained from 
them. The mechanical efficiency of such machines cannot ordinarily 
be found. 

436. The losses in heat engines may now^ be summarized. 
It was showm in Sec. 416 that no heat engine could have a 
greater efficiency than the Carnot — that is, that no heat 
engine could convert into heat more than a certain fraction 
of the heat supplied to it. 

Explanation. — The heat energy supplied to an engine (4, Eig. 390) 
may be first divided into two parts — C, that which the theoretical ideal 
engine could convert into work, and that which could not be converted 
into work by even the most perfect engine. C and B are therefore termed 
the available and unavailable heat, respectively. Now, since heat engines 
do not generally operate on cycles which are even theoretically as efficient 
as is the Carnot, it follows that such engines would not provide even 
theoretically as much work from a given heat input as does the Carnot. 
Hence, some such portion as E, Fig. 390, of the supplied heat, ^4, would 
be convertible into work by the theoretical engine, whereas a portion 
D is rejected along with R, that rejected by the Carnot engine. Then, 
since no actual engine can be made to actually follow its perfect 
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cycle, the indicated work (See. 434) G, will always be less than the 
work, jE, of the theoretical engine. The difference, F, is the loss due to 
imperfections (from the heat standpoint) of the engine construction. 
Finally, the work output of the engine at its shaft {K, Fig. 390) will 
always be less than its indicated work, G, The difference, H, is the loss 
due to imperfections (from the mechanical standpoint) of the engine 
construction — it is the loss due to friction between parts of the engine. 
Hence, of the heat. A, supplied to the engine only a small fraction, iC, 
can really be utilized. The remainder (B + JD -j- F + H) is rejected 
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.-.‘v'fNCOKVERTiaLE. HEAT;COUUO NOT BE CONVERTED INTO 
1 TErtPERATURCS,'^ 


Fio. 390, — Showing why heat engines have low efficiencies. Only the vertical distances 
— not the areas — are significant. 


(sometimes said to be ^‘lost^O; it is not really lost in the sense that it is 
destroyed but in the sense that it cannot any longer be converted into 
mechanical energy or work. 


436. Various Heat-engine -e65Lcieiicy Expressions May Be 
Defined By Means of Eig. 390, Thus : 

W orh of theoretical Carnot e ngine 
Heat input 

Quantity C 


(312) Carnot efficiency 


(313) Cycle efficiency == 


Quantity A 

Work of theoretical engine 


(decimal) 


(314) 


(315) 


Heat input 
_ Quantity E 
Quantity A 

T ^ 7 ^ • Indicated work 

Indicated thermal efficiency — ; — 

Heat %nput 


(decimal) 


Quantity A 


(decimal) 


Thermal efficiency = 

Heat input Quantity Q 


(316) Type efficiency 


(decimal) 

Work of theoretical engine 


Work of theoretical Carnot engine 
— E 

Quantity C 


(decimal) 
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( 317 ) 

( 318 ) 


(decimal) 


Engine (or practical) eXficiency == 

Ind icated work Quantity G 

Work of theoretical engine Quantity E 

Mechanical efficiency = 

^ 1 yhdrf*nff>d irnrh Oyjnnfjty ( 

(decimal) 


Note, — The theoretical efficiency of a heat-engine, as given 
by For. (313), is the efficiency of its theoretical cycle such as the 
Rankine, Otto, or Diesel. Theoretical efficiencies of these cycles ai-e 
given by Fors. (299), (308), and (309). 

Example. — See Prob. IS at end of this division. 


QUESTIONS ON DIVISION 12 

1. Define a cycle. What is the distinction between a true cycle and a pseudo cyclef 

2. What is the object of employing diagrams in the study of cycles? What dia- 
grams are usually employed? ^ 

3. Define a heat engine. A refrigerating machine. What other descriptive name 
may be given, to a refrigerating machine? 

4 . What are the three essential elements of every heat engine and refrigerating 
machine? What happens between these elements in the operation of a heat engine? 
In the operation of a refrigerating machine? 

5. Define the efficiency of a heat engine. Express the definition as a formula. Is 
a high or low value of engine efficiency desirable? 

6 - Define the coefficient of performance of a refrigerating machine. Express the 
definition as a formula. Is it desirable that the coefficient of performance of a refriger- 
ating machine be high or low? 

7. Explain the operation of the simple nou-expansive engine. Explain the construc- 
tion of the pressure- volume diagram of its cycle. 

8 . What kind of figures always result when the pressure-volume or temperature- 
entropy diagrams of cycles are plotted? 

9. Draw a sketch of the apparatus which must be employetl with the non-expansive 
steam engine to make up a true cycle. 

10. Draw the temperature-entropy diagram of a uon-expansive steam engine and 
explain its construction. ^Modify the diagram so that it represents an equi valent cj^cle 
without frictional processes. Explain the significance of the various areas on the 
diagram. 

11. What was the purpose of devising the Carnot cycle? .Are tuigines built to operate 
on this cYcle? Why? 

12. Explain the construction and operation of the Carnot heat engine. If the working 
substance is a gas what is the appearance (make a sketch) of its pressure-volume dia- 
gram? What is the general apT>earance (make a sket<di) of the temperature-entropy 
diagram? 

13. What factors affect the appearance of the pressure- volume diagram of the Carnot 
cycle when the working svibstauee is a vapor? Draw several such diagrams and show 
the effects. What is the general appearance (make a sketch) of the temperature-entropj' 
diagram? 

14. State the formula which expresses the efficiency of the Carnot cycle and show its 
derivation. 

16. How can the CariK>t engine he ma<ie int^") a refrigerating machine? Describe 
its operation as a refrigerating niachine and draw its pressure-vohiiue an*i temperature- 
entropy diagrams. 

16. State the foi inula which expresses the etlicieiic.v' of the ( 'arin;>t refrigerating 
machine and show its derivation. 
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17. What is the important relationship "between heat-engine efficiency and the tem- 
peratures of the hot and cold bodies? Show the proof of the relationship. 

18. Why is the Rankine cycle, rather than the Carnot cycle, taken as the standard 
for vapor heat engines? 

19. Explain with a sketch the apparatus which is required to constitute a complete 
plant which is to operate on the Rankine cycle and trace the changes of the working 
substance in its passage through the cycle- 

20. Draw the pressure-vohame diagram of the theoretical Rankine cycle and correlate 
it with the apparatus described in answer to the preceding question. 

21. Show that the area enclosed by the pressure-volume diagram, of the Rankine 
cycle represents the net work of the cycle. 

5S2. In general, what three forms (make sketches) may the temperature-entropy 
tliagram of the Rankine cycle have? Assume steam conditions and plot, from values 
taken from Steam Table 394, the temperature-entropy diagram of a Rankine e.vcle. 

33- Is the indicator diagram of a steam engine the same as the pressure-volume dia- 
gram of its cycle? Why? 

24- Draw the theoretical indicator diagram of a Rankine-cycle engine without clear- 
ance. How does clearance affect the operation of the engine? Show the theoretical 
indicator diagram for an engine with clearance, 

25. State the formula which expresses the efficiency of the theoretical Rankine-cycle 
engine. Show the derivation, of this formula. 

26. For given hot and cold bodies, -which would have the greater efficiency — a Ran- 
kine-cycle engine or a Carnot-cycle engine? 

27. Wherein does the theoretical steam-engine cycle differ from the theoretical Ran- 
kine cycle? Which of these two cycles is it more desirable to have a steam engine follow? 
Why? 

28- Why does the actual steam-engine indicator diagram differ from the theoretical? 
Explain fully each of three principal losses. 

29. What is the diflfereiice in construction between a steam engine and an air engine? 
What is the difference between their theoretical indicator diagrams? 

30. Is an air engine actually a heat engine? For what services are air engines used? 
W^hat is their principal advantage? 

31. What class of engine has replaced the air engine as a commercial heat engine? 

32. In what class of engines is the Otto cycle used? Is the Otto cycle an efficient one? 
What cj'cle, used in engines of the same class, is more efficient? 

33. Explain the operation of an engine employing the Otto cycle. Draw the theoret- 
ical pressure-volume diagram. 

34- Write the formula for the efficiency of the theoretical Otto cycle. How is the 
formula derived? 

35- In engines of what class is the Diesel cycle employed? To what fuels is it particu- 
larly adapted? 

36. Explain the operation of an engine employing the Diesel cycle. Draw the 
pressure-volume diagram. What variations may the pressure- volume diagram have? 
Explain. 

37. What is a compressor? In what kind of machines are compressors nearly always 
used? What is its pseudo cycle often called? 

38. Explain the operation of a compressor without clearance, using pressure-volume 
diagram. In what respects is the operation different in a compressor -wdth clearance? 

39- Define low-pressure capacity. Volumetric efficiency. 

40- Does the clearance volume of a compressor introduce any energy loss? Any 
capacity loss? 

41. Which is generally more desirable — adiabatic or isothermal air-compression? 
Why? What kind of compression is usually obtained? Why? 

42. Draw a sketch to show wherein the actual indicator diagram of a compressor 
differs from the theoretical. 

43. What is a compound compressor? When is it generally used? What is the 
intercooler? 

44. What arc; the objects of compounding compressors? Explain, using diagrams if 
necessary, 
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45 . How would you determine the proper intercooler pressure for a compound com- 
pressor with ideal or perfect intercooling? 

46 . £^xplaiu, by the aid of a sketch, the cycle of the air refrigeraiing machtrup. "Wheis 
is a machine which employs this cycle called a denae-aiV machine? 

47 . Draw the pressure-volume diagrams of an air-refrigerating-machine cycle ami 
correlate it with the required apparatus. 

48 . Draw the temperature-entropy diagram of an air-refrigerating-machine cycle and 
b 5 ' it show the several energy quantities. 

49 . What is the principal difference between the air and the vapor refrigerating- 
machine cycles? What advantage have the latter? 

50 . Draw a sketch and wuth it explain the operation of a vapor refrigerating nmchiiie. 
How does it compare with the air machine in number of pieces of apparatus? 

61 . Draw the typical pressure-volume and temperature-entropy diagrams of the 
vapor-refrigerating-machine cycle and correlate them with the apparatus used. Do 
the diagrams have exactly the same significance as do those for the other cycles which are 
herein discussed? Explain. 

62 . What is the meaning of the term indiccUed work as used in connection with heat 
engines and refrigerating machines? How is it measured? 

63 . On what kind of machines cannot the indicated work be measuretd? ’Why? 

54 . Draw a diagram to illustrate and with it explain the many ways in which losses 
occur in heat engines. 


PROBLEMS ON DIVISION 12 

1- A heat engine converts into work 68,000 B.t.u. per hr. whereas it is supplied with 
200,000 B.t.u. per hr. What is its thermal efficiency? 

2. A refrigerating machine abstracts 800,000 B.t.u. per hr. from a cold room and 
consumes 194,600,000 ft.-lb. of mechanical energy per hour. What is its coefficient 
of performance? 

3. What would be the thermal efficiency of a Carnot engine whose hot and cold 
bodies have temperatures of 2,800 and 60® F. respectively? 

4 . What would be the coefficient of performance of a Carnot refrigerating machine 
with which an inside temperature of 0® F. was to be maintained while the outside tem- 
perature is 90® F.? 

6 . The inventor of a certain internal-combustion engine claims that the engine will 
produce 1 hp.-hr. with a consumption, of only H of which has a heating value 
of 18,000 B.t.u. per lb. It is found that the maximum temperature of the gasesf within 
the cylinder is 2,700® F. and that the gases are exhausted at a temperature of 860® F. Xs 
the inventor’s claim probable? 

6 . What is the efficiency of the Rankine cycle with steam leaving the boiler at 150 lb. 
per sq, in. abs. and 250° F. of superheat and leaving the engine at 1 lb. per sq. in. abs.? 

7. How much work would be obtained from 1 lb. of steam in passing through the 
cycle of Prob. O, and how many pound.s would have to be circulated per indicated horse- 
power-hour? 

8. The clearance space of a G- by 15-in. Otto gas engine was found to hold 5 lb. i*f 
water. What is its theoretical thermal efficiency? 

9. An air compressor has a displacement volume of 6 cu. ft. and a clearance of 5 
per cent. If the compressor operates between 5 and 100 Id. per sq. in. gage, what is 
its volumetric efficiency? in = 1.3). 

10. An air compressor w’hich has a displacement volume of S cu. ft. and a clearance of 
4 per cent., operates adiabatically betw’een 0 and 70 lb. per sq. in. gage. What volume 
of air does it take in per stroke? 

11. What would be the proper intercooler pressure for a two-stage air compressor 
which draws in air at atmospheric pressure and discharges at 110 lb. per sq. in. gage? 
(.Assume perfect intercooling.) 

12. In a dense-air refrigerating machine, the pressures in the cooling coils and refriger- 
ating coils are, respectively, 130 and 40 lb. per sq. in. gage. The air enters the com- 
pressor at 34® F. The air leaves the cooling coils at 70® F. Assuming adiabatic 
compression and expansion, find the coefficient of performance. 
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13 . In the machine of Prob. 12, how many pounds of air would liave to be circulated 
per hour and what pow*er would have to be supplied if it is desired to extract 2,000 B.t.u. 
per hr. from the cold body? 

14 - If, in a plant similar to that of Fig. 387, it is desired to maintain a temperature of 
30® F. in the room R and the water entering the condenser 3 is at the temperature of 
70° F., w'hat mvist be the pressure of the ammonia in coils B and E‘l (Assume that con- 
densation takes place at 80® F. and vaporization takes place at 20® F.) 

16 . If the machine of Prob. 14 is to extract 2,000 B.t.u. per hour how many pounds 
of ammonia must be circulated per hour? (Liquid ammonia leaves P at 75® F. and the 
vapor leaving E is dry saturated.) 

16 - The indicated work of an engine is 11,220 ft.-lb. per revolution. The shaft out- 
put of the same engine is 9,537 ft.-lb. per revolution. "What is the mechanical eflSLciency 
of the engine? 

17 . The indicated work of a compressor which requires 25 hp. at its shaft and operates 
at 200 r-p.m. is found to be 3,300 ft.-lb. per revolution. What is the mechanical effi- 
ciency of the compressor? 

18 . A steam engine on test vras found to require 3,965 lb. of dry saturated steam per 
hour at 115.3 lb. per sq. in. gage. The back pressure on the engine was 0-3 lb. per sq, 
in. gage. The atmospheric pressure was 14.7 lb. per sq. in. abs. The indicated horse- 
power of the engine w^as 130 and the power at the shaft (brake horsepow'er) was 120- 
Compute the ideal Carnot eflSciency, the ideal Rankine efficiency, the engine efficiency, 
the indicated thermal efficiency, the mechanical efficiency, and the thermal efficiency 
of the engine. 
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437. A fuel may be considered as any material that liberates 
its internal chemical energy (See. 28) as heat in eomniercial 
quantities, or burns, when it is united with the oxygen of the 
air. A portion of the heat which is thus liberated in the 
boiler furnace, or in the cylinder of an internal-combustion 
engine, is transformed by the engine into useful w’ork. Or, 
the heat may be utilized in building heating, for the comfort 
of man. 

Note. — When Two Substances React Chemicaeey To Form 
Another Substance, Heat Is Often Liberated. — But for certain 
other chemical reactions, the addition of heat is necessary to effect 
the reaction. The chemical process of combustion, and of how heat is 
liberated thereby, is explained in Sec. 157 and in Div. 14 on Combustion. 

Note. — Most fuels consist of pure carbon, OR«*bp carbon anp 
CHEMICAL compounds OF CARBON with oxvgen, hydrogen, nitrogen, and 
sulphur. 

438. The subject of ‘‘fuel” is a very important one, since 
it may be the determining factor in the selection of a boiler, or 
even of the type of power plant that should be used. This 
selection should depend upon the type and quantity of fuel 
which is available in the community, or upon the facility of 
transportation of the fuel from some other community. 

Note.— Besides knowing what fuels are available, and what 
they will cost d(‘livered to the plant, something should also be known 
about the classes of fuels, the substances contained in them, the heat 
values of the fuels, and the characteristic man^r in which they will burn. 
Only a few of the most important facts concerning fuels can he treated 
herein. 

439. There are three classes of fuels, under which all may 
be grouped according to their state of matter (Sec. 49): 
(1) Solid, (2) Liquid. (3) Gaseous. Finds of each of these 
three classes are available, either in their natural states or as 

417 
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they have been prepared by man. Fuels of the different 
classes are discussed in following sections. 

440. Natural solid fuels exist in, among others, the forms 
listed below. There are many other natural solid fuels such as 
corncobs and tanbark. However, they are of relatively minor 
practical importance and hence will not be treated here. 

The straw of wheat, rye, antd other grains is sometimes used 
as fuel for the engines in the harvest fields. Boilers have been designed 
-specialb^ for burning them. They have never been used except where 
cjtraw is very plentiful and other fuels scarce. Straw would not be pur- 
chased for this purpose, as it bums very rapidly and is inconvenient to 
Oandle. 

Bagasse, which is sugar cane from which the juice has been pressed, 
is used in sugar-plantation mills where a large amount is available. It is 
cheap and makes a fair steaming fuel for the sugar mills. 

Sawdust, bark, slabs, and other sawmill refuse, found around a 
sawmill may be used to fire the furnaces of the mill. Its low heating- 
value renders it uneconomical as a fuel if it must be transported any 
considerable distance. 

Wood is sometimes used as a fuel in the household and for steaming 
purposes. Its utility has been demonstrated for ages. However, due 
to the scarcity of lumber for building purposes, wood is being used less 
frequently as a Aiel as time progresses. 

Coal (Fig, 391) is by far the most important of the solid fuels. This is 
due to its abundance, ease with which it may be handled, and its heating- 

value. The fuels listed above are pri- 
marily of vegetable origin. Coal also 
is derived from the same source. In- 
vestigation shows that, many centuries 
ago, there were great forests of vegeta- 
tion, much more abundant and dense 
than any which now exist. These 
forests thrived in climates considerably 
warmer and much more humid than 
those of the present day. Then, some 
geological upheaval occurred. Thereby 
these growths of vegetation were in- 
undated with earth, rocks and water. 
Eventually they were subjected to high 
temperatures, due to the internal heat of 
the earth (Sec. 69), and to great pressures. Thus the coal (Pig. 392) 
was formed. In some localities, coal is found near the surface of the 
earth. In others, the veins are far undergrormd. Due to different 
original constituencies, pressures, temperatures, and periods of con- 
finement, different grades of coal were formed. 



391. — Microscopic enlargement 
of a minute fragment of coal. 
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Peat is another fuel which is used to some extent in certain localities. 
It is a mixture of partially decayed vegetable deposits and water. It is 
found under water, or in marshy ground, called peat bogrs. When tiite 
water is dried from the material, it burns freely liberating considerable 
intense heat. It is clean and convenient to handle. Peat is used only 
in the localities in which it is found. 



Fig. 392. — Section through an English colliery showing coal seams and method of 

working. 

441, The prepared solid fuels which are used extensively 
are charcoal and coke. 

Charcoae is formed when the volatile matter (gases) which was 
originally contained in wood, is driven off without burning the wood. 
Charcoal is almost pure carbon. When it is burned under a strong 
draft, it produces an intense heat with practically no smoke. It is used 
in cupolas, furnaces, and in forges for special heating and heat-treating. 
The best grades of charcoal are obtained from beech, birch, and maple. 
Charcoal is a by-product from the manufacture of turpentine and wood 
alcohol. 

Coke is formed when the volatile substances which are contained in 
coal are driven off without burning the coal. It, also, is nearly pure 
carbon. It is used for heating, especially in the metallurgical industries. 
Coke is a by-product from the manufacture of coal gas. Petroleum coke 
is a product of the oil refinery and is characterized by having practically 
no ash and a high heating value. 

Note. — Briquetted fuel is another of the solid fuels which is exten- 
sively used in European countries, and to some extent in the Unite<i 
States. The principal constituent of this fuel is, usually, coal which has 
been crushed and mixed with some combusti})le binding material, such 
as coal-tar pitch, and then pressed into briquettes. Fuel in this form 
has the advantage of being uniform in size and of making few clinkers. 
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It gives i)tY but little smoke, has a higli heating value, and permits of a 
high rate of eonibustion. The expense of its preparation has, for most, 
purposes, reud€‘red its use uneconomical in America. 

442. Petroleum Is The Most Important Of The Natural 
Liquid Fuels. — There is doubt as to the exact origin of petro- 
leum. It is generally agreed, however, that it was formed by 
plant and animal matter, which was in prehistoric ages covered 
by earth and rocks. After being thus covered, the matter 
decayed. Then, for centuries it was subjected to confinement 
and pressure in porous rock and gravel, or in pockets below 



non-porous shales. This resulted in its being changed to the 
present liquid petroleum (Fig. 393). 

443. Petroleum varies in color from light brown to dark 
brown, according to the locality from which it comes. The 
chief constituents of petroleum are hydrocarbons (chemical 
compounds of hydrogen and carbon). It is these hydrocar- 
bons which render it valuable as a fuel. Petroleum and its 
products are used in boiler furnaces (Sec. 497) as a fuel for 
generating steam, or directly in internal-combustion-engine 
cylinders (Sec, 534), The products from petroleum are also 
used for heating and lighting buildings. At present, petroleum 
is relatively plentiful. 

Note.—Petrolbtjm may bk used as a fuel m oil-burning boiler 

FURNACES AND IN LARGE ENGINES OF THE DIESEL TYPE, jlist aS it is taken 
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from the ground. Other substances such as road oils, benzene, paraffin 
wax, lubricating oils, are made (Fig. 394) from petroleum by fractional 
distillation (Sec. 444). 



A •GatsoHnt-B‘la/mpC‘!sC’i'^hfLub. Gas0/7£- Fue/(}7rf-’f^rafy'fhli4)iJrG'Ai.fs) 

Fig. 394. — Diagram of an oil refinery. 


Note. — There is an'other source of oil supply which is now being 
utilized to some extent. Oil may be derived by heating and treating cer- 


tain surface shales which are found iii 
the Rocky Mountains. 

444. Some of the prepared 
liquid fuels are obtained by frac- 
tional distillation of crude petro- 
leum as gasoline^ kerosene^ and 
naphtha. There are many others. 
At different temperatures, differ- 
ent distillutes vaporize from the 
crude petroleum (Sec. 443). 
Some are very volatile and have 
low specific gravities. For auto- 
mobile and aeroplane engines 
(Fig. 395), gasoline is at present 
indispensable. Kerosene is used 
to a large extent in rural eom- 
niunities for lighting and heating. 
The petroleum distillates contain 
less impurities than the crude 



Fig, 395. — Vapor from the Uqin<i 
faei (gasoUaeh ust>d directly in mi 
intertitil-eomlmst ion engine. 


petroleum, are very rich in hydrocarbons, a ml c-onstitute 
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excellent fuels. Various grades of fuel oils, heavier and less 
volatile than kerosene and gasoline, are also distilled from 
crude oil. The hea\der oils are distilled off at the higher 
temperatures and the lighter products at the lower tempera- 
tures, all as explained in Div. 10. 

445. Alcohol may be classed as a prepared liquid fuel. 
Wood Alcohol is obtained by the destructive distillation of 
wood. It finds its greatest use as a fuel for small stoves and 
heating-lamps in the laboratory and in other places where a 
clean effective liquid fuel is required. It is too expensive, how- 
ever, for extensive use. Denatured alcohol is alcohol made 
by the distillation of a fermented solution of grain, molasses, 
syrups, or similar plant substances, to which has been added a 
small amount of wood alcohol or other poison. It is used for 
the same purposes as wood alcohol. Likewise, it is too expen- 
sive for extensive use. 

Note. — Bexzol is another liquid fuel. It is a by-product from the 
manufacture of coke. Because of the small quantities in which it is 
manufactured, it is not used to any great extent as a fuel at present. 
It is, however, a good fuel and may be used alone in internal-combustion 
engines, or it may be mixed with gasoline. In color and odor it resembles 
gasoline. Its freezing point is, however, rather high (about 40® F.). 

446. A Gaseous Fuel Is The Theoretically Ideal Fuel. — ^As 

compared with the fuels of the other two states it is extremely 
easy to handle. Its combustion-rate may be readily regulated. 
It produces an even heat and, where it is used, there is no waste 
or inconvenience due to an ash residue. 

Note. — Gaseous fuels coktain practically no free carbon, but 
have in them carbon compounds and uncombined gases such as oxygen, 
hydrogen, and nitrogen. 

447. The Only Natural Gaseous Fuel Is “Natural Gas.’’ — 

The origin of natural gas is similar to that of petroleum 
(Fig. 393). It is usually found adjacent to or above petroleum 
deposits. Also, it is sometimes found associated with coal 
deposits. The gas is, usually, found in pockets and under 
considerable natural pressure. It is obtained (Fig. 396) by 
drilling deep holes — wells — ^into the ground. Pipes are placed 
in the holes as the drilling progresses and the gas is then forced 
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out through the pipes by its own pressures. Thence it is 
conveyed to the consumer by pipe lines, some of which are 
many hundreds of miles long. In the very long pipe lines, 
booster compressor stations main- 
tain the gas pressure. The com- 
pressors are usually driven by gas 
engines. One of the long gas lines 
extends from Texas to Chicago. 

Note.^ — The Heatixg Valve Op 
Natural Gas Varies Greatly. — The 
gases from, some localities have a very 
high heating value, while those from 
others have a low heating value. 

Natural gas is a good fuel for use under 
boilers, and for heating, lighting, and 
cooking. In the immediate vicinity of 
the gas fields, the price is usually low. 

This may, in such communities, render 
it preferable to other fuels. 


448. Prepared gaseous fuels are 

derived from two main sources: (1) 

Coal. (2) Oil. In the operation of 
blast furnaces (coke, Sec. 441, ordi- 
narily being used as the fuel) a 
large quantity of fuel gas is pro- 
duced. It is called blast-furnace 
gas. Precautions are often taken 
to prevent the waste of the gas thus 
formed. It may then be utilized 
as fuel to generate steam in boilers 
or for direct utilization in internal- 
combustion engines. The quality 
of this gas is relatively poor. As 
it comes from the furnaces, the 
gas contains dust which must be 
filtered from it before the gas can be used in internal-combus- 
tion engines. 

449. Coal gas is produced (Figs. 397 and 398) by heating 
bituminous coal in closed containers. It Ls manufactured in 
cities and sold for lighting and heating. The gas, wliich 



Fig. 39G. — Piping in 
■well. 


natural-gaa 
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distills off from the heated coal, is stored in tanks or gasometers 
under pressure. From the gasometers it is piped to the con- 
sumer for use in stoves, gas-lights, water heaters, and other 

heat-consuming devices. It is 
generally too expensive to be used 
for generating steam for steam- 
power plants. The solid sub- 
stance left after the gas has been 
expelled from the coal is coke (Sec. 
441). 

Note. — Other gases are manufac- 
tured: All oil-water gas is obtained by 
atomizing crude oil and then mixing it 
with steam. Pintsch gas is manufac- 
tured by allowing oil to fall, drop by 
drop, on a heated surface. The gas 
thus formed is collected and compressed, 
often to the liquid state. After com- 
pression, it is forced into metal cylin- 
ders for shipment to the consumer. 
Its chief use is for lighting. Water gas 
is produced (Fig. 399) by passing steam 
through carbon which is at a red heat. 
The gas given off has a low heating 
value and burns with a blue fiame. 
However, if vaporized oil is mixed with 
this gas, a luminous flame, suitable for lighting, is produced by the com- 
bustion of the mixture in air. Air gas and blast-furnace gas are produced 
by passing a minimum quantity of air through a thick layer of glowing 
coke or other solid fuel — the resulting gas has a low heating value. 





aaaiiifl ii" 



Fig. 397.- 


-Section through a coal-gas 
retort. 



450. There are two methods of determining the chemical 
energy in fuels, which is liberated as heat energy when com- 
bustion occurs and which may be partially utilized in doing 
useful work: (1) By analysis. (2) By calorimeter tests. If an 
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analysis of a fuel is made (as hereinafter described) and its 
various constituents thereby determined, it is then possible, 
by applying certain graphs or formulas, to determine, with 
approximate accuracy, its heating value in British thermal units 
per pound. If a calorimeter test (described in a following 
section) is made on a fuel sample, the heating value of the fuel 
may thereby be determined almost exactly. It follows, then, 
that the analyses may be employed for approximate determina- 
tions and the calorimeter tests for more exact determinations. 



Fig. 399, — Illustrating the manufacture of water gas. 


Note. — The poleowing ixformatiox costcerxin'g pvel analyses 
and tests relates .almost entirely to co.\l, hilt the same general 
process is followed for the determination of the available heat energy in a 
fuel of any class, 

451. Table Of Heating Values And Constituents Of Fuels. 

The data shown in the table is only comparative, as the heating 
values and composition of the fuels vary widely. The values 
here given are the average or usual ones. 

452. The heating value of a fuel may be defined as the 
number of heat units given up by it or liberated when a unit 
quantity of the fuel is completely burned (in oxygen or in the 
air). For solid and liquid fuels, heating values are generally 
expressed in British thermal units per pound of fuel. For 
gaseous fuels, heating values are generally expressed in 
British thermal units per cubic foot of the gas (measured at a 
standard pressure and temperature of 30 -in. mercury column 
and 62 ° F.). Fuel is purchased primarily to produce heat. 
Therefore, the greater number of British thermal units that 
a given amount of the fuel will produce, the better is the fuel, 
other factors being equal. 

Note, — The heating values of t^ASEOus and lioctd fuels sm^uLD be 

EXPRESSED AS EITHER ^‘HIGHER'’ OR “lOWEH” VrIuvs, SOinOtinieS Calltnl 
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* G — Gebhardt, “Steam Power Plant Engrg,” M — Marks, “Mech, Engrs’ Hb,” P— Poole, “The Calorific Power of Fuels.’ 
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total values and net values. When, in making heat-value determinations 
of fuels, the products of combustion are cooled below 212® F., any water 
vapor which might have been formed by the combustion of hydrogen 
in the fuel and which passes off as a product of combustion, is condensed. 
In condensing, the water vapor gives off its latent heat of vaporization. 
The '^higher heating vahie’" of a fuel includes this latent heat. The 
“lower heating value” does not include this latent heat. The heating 
values of solid fuels, as generally computed, are the “higher” heating 
values. The hydrogen of a solid fuel is thus generally neglected when 
its heating value is given. The reason for this is that it is extremely 
difficult to determine accurately the lower heating value of a solid fuel 
unless an ultimate analysis of the fuel is available. {See White, “Gas 
and Fuel Analysis,” page 281.) Ultimate analyses of fuels are expensive 
and are seldom made. 

However, it is a fact that the lower heating value provides a better 
index as to the effectiveness of a fuel, for the usual power plant conditions, 
than does the higher heating value. This is because, in the usual power 
plant, the combustion gases leave the steam-generating equipment at a 
temperature higher than 212° F. Thus, the water vapor which was 
formed by the hydrogen when the fuel was burned in the furnace has not 
condensed and given up its latent heat of evaporation to the flue gases 
if the gases leave the steam-generating equipment at a temperature 
higher than 212® F. Chemical- and bomb-type calorimeter determina- 
tions give (unless involved corrections are made) “higher” heating 
values — because with these calorimeters the water vapor which is 
evolved in the crucible condenses and gives up its latent heat of vaporiza- 
tion to the jacket water in the calorimeter. 

463- The Quality Of A Fuel May Be Determined By An 
Analysis. — There are two analyses in general use for coals: 
(1) Proxi?nate mialysis, (2) Ultimate analysis. The proxi- 
mate analysis ivS relatively simple and does not necessarily 
require a chemist for its performance. The purpose of a 
proximate analysis is to determine the amount of the following 
substances which are contained in the fuel: (1) Moisture. (2) 
Volatile matter. (3) Fixed carbon. (4) Ash. The ultimate 
analysis must be made by a competent chemist. This 
chemical analysis shows the amount of the following sub- 
stances in the fuel: (1) Moist t<.re. (2) Carbon. (3) Hydrogen. 
(4) Oxygen. (5) Nitrogen. (6) Sulphur. (7) Ash. In each 
of these analyses, the amount of each substance contained in 
the fuel is usually expressed as a percentage by weight of the 
whole. 
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If the POWER-PLiANT man is to INTELIiIGENTLY purchase 

FUEE, he should know which of these constituents tend to naake a good 
or a poor fuel for the purpose for which it is to be used. Either of the 
analyses will provide him with valuable inforniation. 

454. The proximate analysis of a coal provides data whereby 
the behavior of the coal in a furnace may be intelligently 
predicted. Before making the analysis, how- 
ever, great care must be taken to insure that 
the coal which is being tested is a really 
representative sample of the coal from which it 
is taken. The following notes on the sampling 
and analysis of coal are abstracted from Power 
Plajstt TESTmG by J. A. Moyer. 

Sampling. — For all tests in which an analysis of the 
coal or its calorific value is to be determined, it is very 
necessary that the sample to be tested be selected with 
the greatest care. Proportionate amounts should be 
F I a 4 0 0 taken of both large and small sizes as well as of the 
Coffee-mill used for At least 200 lb. of coal is collected for the process 

grinding the coal of sampling for the analysis. This amount of coal is to 
sample prior to be broken up on a clean floor by any convenient means 
pulverizing. of about J-^-in. diameter, then thoroughly 

mixed and spread out on a flat circular pile. This pile is then ' ^ quartered ' ' 
and the opposite quarters are discarded. The remainder is now broken up 
to about }<t-in. diameter pieces and the mixing, quartering and discarding 





Fig, 401. — Mortar and Fig. 402. — Weighing coal sam- 

pestle for pulverizing coal pie. 

sample. 


is continued until from 5 to 10 lb. remains. This is to be put into a glass 
jar or a tin can that can be made airtight. The sealing should be care- 
fully done, to prevent any deterioration of the sample in transportation 
to the laboratory where the analysis is to be made. 

In the laboratory the coal should be emptied from the jar or can and 
crushed (a coffee mill, Fig. 400 may be used) to a fineness of about a 
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20-iiiesh sieve (20 uiesin^s to t h<‘ ineh i. The «*oarser pie<*€\s Tnay he broken 
ill a mortar (Fig. 401). Tlie eriishcMi eoal is thiiroiighly mixed and a 
small portion which is to be used for the analysis — about 2 or 3 oz. — is 
put into an airtight bottle. The remainder of the eriislied eoal is put 
back into the jar or can and sealed. It is 
to be retained for possible future use for 
cdieek tests. 

Moisture:. — Weigh into a covered crucible 
about 4 grains (about Is oz.) of the coal 
which passed through a 20-mesh sieve^ that 
was prepared and bottled for analysis as 
described above (Fig. 402). This should 
be done as quickly as possibh^ to avoid loss 
of moisture to the air. Remove the crucible 
cover and heat in an oven or similar re- 
ceptacle (Fig. 403) for 1 hr. at a temperature 
of from 220° to 230° F. At the end of the 
hour, replace the cover on the crucible, re- 
move it from the oven and place it in a 
desiccatoi' (Fig. 404) to cool. When the 
crucible and the coal which it contains havt* 
cooled to nearly the room tempcTatnre, they 
should be weighetl. Again roniovt* the 
crucible cover and heat as before in the 
oven for }2 hr. longer. If the weight has 
remained constant, no more heating is 
necessary- The difference between the first 
and last weighings is the moisture in the coal. 

Volatile Matter. — N ow- weigh out a new sample of about 1 gram 



Fig. 403 .- 
sainple for 
in illation - 


—Drying the cuul 
‘ moist lire ’ * deter- 


substitute) crucible weighing 20 to 30 grams to 1 oz.) and having a 
closely fitting cover. Support the covered crucible on a chemist’s tri- 
angle (Fig. 405) of nichrome steel or of platinum which should be 3 to 
3 V 2 in. above the top of a good Bunsen burner. (The burner should give 
a free flame about 8 in. long.) Heat the covered crucible for 7 min. in 
the full flame of the burner. Cool the crucible in a desiccator and then 
weigh carefully. The loss in weight is the sum of the volatile plus the 
moisture. The room in which the test for volatile matter is made should 
be free from drafts which might cause a variation in the intensity of the 
flame. 

Fixed Carbox Axd Ash. — Remove the cover from the crucible which 
was used in the volatile” test and heat the crucible and the residue 
with a Bunsen flame or with an air-blast lamp until all of the carbon has 
been burned, and the weight of the crucible and contents becomes con- 
stant. The contents of the crucible may he stirred slightly with a plat- 
inum wire to break up the ash — which should become a powdery mass 
when combustion is complete. Combustion is assisted by inclining the 
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crucible on the triangle during this test so as to admit air more freely 
for oxidation. After cooling in a desiccator, make a final weighing of 
the crucible and contents. The difference between this weight and the 
weight of the empty crucible, without its cover, is the weight of the ash. 
The weight of the fixed carbon is determined by subtracting the sum of 
the weights of the moisture, volatile, and ash from the original weight 
of the sample of coal tested. 

— Weighings should be made with chemical, scales which 
are sensitive to 1/1,000 of the amount weighed. Two determinations 
of the complete analysis should be made of each sample and the results 
should check within 3^^ per cent, of the weight of the coal used. 




Fig. 404. Fig. 405. 

Fig. 404. — Desiccator to prevent sample from absorbing moisture while cooling. 
The desiccator utilizes the fact that certain substances (sulphuric acid in the one shown 
here) have a great affinity for water and will absorb water vapor from surrounding air. 
Sulphuric acid absorbs water vapor much more rapidly than does dry coal. Hence, 
when a dry coal sample — which also tends to absorb vapor from the air — is placed in a 
desiccator to cool, the moisture inside the desiccator is quickly absorbed by its air-drying 
substance- Therefore, the coal sample is prevented from absorbing moisture while 
cooling. 

Fig. 405. — Heating crucible containing coal sample for “volatile” determination. 


The Percentage Of Each Of The Different Constituents May 
Now Be Computed. — From these percentages the value of the coal may 
be intelligently judged. If the ash content is high, it may be assumed 
that the coal is a relatively poor one. A large percentage of ash in a 
coal lowers its heating value, causes trouble with clinkers, and increases 
the expense of removing ashes. The amount of volatile indicates whether 
the coal will burn with a long flame or a short flame and whether it will 
tend to produce smoke. The greater the amount of volatile contained 
in the coal, the longer will be the flame and the more likely will be the 
production of smoke. Whether or not the fuel burns with a long or a 
short flame will determine the method of firing which should be used. 
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It may also be a determining factor in the selection of the proper type 
of furnace. 

Combustible is the term applied to that portion of the coal which is 
not included in the ash and the moisture content. That is: The com- 
bustible = (volatile) + {fixed carbon). In general, the larger the percent- 
age of fixed carbon and volatile, the higher will be the heating value of 
the fuel. 

Note. — Occasion-ally coal may lose a part of its moisture by 
AIR DRYING, or Other means. If a proximate analysis which was made 
upon a sample of the dried coal is used instead of upon a sample of the 
undried coal, the results obtained thereby might be erroneous. There- 
fore, the proper method of procedure is to make the proximate analysis 
on the basis of Received Then, by the method given in the follow- 



Fig. 406. — Graph showing the approximate heating value of coal per pound of 

combustible. 


ing example, reduce the analysis as made on this basis, to that of the 
Dry Coal basis. 

Example, — Suppose the proximate analysis of a sample of coal, made 
on the “As Received basis, shows that it contains the given percentages 
by weight of the following substances: moisture, 8.50; volatile, 37.75; 
fixed carbon, 51.10; ash, 2.65. What would be the percentages on a Dry 
Coal basis? Solution. — The content of the coal, omitting the moisture, 
is 100 — 8.50 == 91.50 per cent. Then, the percentage of volatile in the 
sample on the Dry Coal basis — 37.76 91.50 = 41.25 per cent.; fixed 

carbon = 51.10 - 4 - 91.50 -= 55.90 p&r cent.; ash = 2.65 - 4 - 91.50 2.85 

per cent. 

Example. — If the ash be eliminated from the analysis on the Dry Coal 
basis, what per cent, of the combustible is the volatile? What per cent, 
is the fixed carbon? Solution. — From the above solution: {The per 
cent, of volatile) -j- {the per cent, of fixed carbon) — (41.25 -h 55.90) = 
97.15 per cent, combustible. Therefore the combustible contains: (41.25 
-f- 97.15) — 42.48 per cent, volatile, and (55.90 97.15) == 57.52 per 

cent, fixed carbon. 
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Note. — Fio. 406 shows graphically the approximate heating 
VALUES in B.t.u. per lb. of coal that may be expected in coals of various 
ratios of volatile to fixed carho^i in the cornhiistible. 

Example. — What is the approximate heating value in B.t.u. per pound 
of this coal? Solution. — The ratio of volatile to fixed carbon == (42.48 -i- 
57.52) = 0.735. From Fig. 406, 1 lb. of this coal contains 14,400 
B.t.u. per lb. of combustible. From the previous example, the Dry 
CoaV^ sample contains (55.90 -f- 41.25) = 97.15 per cent, combustible. 
Therefore, the heat value of 1 lb. of the Dry Coal” = (97.15 X 14,400) 

100 = 13,990 B.t.u. 

455. The ultimate analysis of a coal is made for the purpose 
of determining the percentage, by weight, of the elementary 
constituents or elements contained therein. This chemical 
analysis determines the percentages of, carbon, hydrogen, 
oxygen, nitrogen, and sulphur contained in the sample. The 
analysis method which is employed is complicated and neces- 
sitates skillful manipulation. Therefore the analysis must be 
made by a competent chemist. The process of making such 
an analysis will not be described herein. In performing this 
analysis, the chemist may also determine the amounts of 
ash and moisture in the coal and also the elements which 
constitute the ash. An ultimate analysis having been made, 
the heating value of the coal may be determined approxi- 
mately by substituting in For. (326), Sec. 469. 

Note. — For the reasons given unobr proximate analysis (Sec. 
454) the basis — whether ^'Dry'" or ‘'As Received'" — should be known so 
that correct comparisons may be made between the analyses of samples 
of different coals. 

456. Fuel Calorimeters Are Devices For Measuring The 
British Thermal Units Heating Values Of Fuels. — (See Sec. 
452.) Both coal (Fig. 407) and gas calorimeters of several 
different types are manufactured. The majority of the instru- 
ments of these various types operate on the same principle. 
They measure the heat, usually in B.t.u., which is liberated, 
by the combustion in oxygen, of a given weight of the fuel 
which is under test. In them, the heat which is liberated 
by the combustion of the test-sample is permitted to pass 
into a known weight of water. Then the rise in temperature 
of the known weight of water is noted. The calorimeters of 
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the various types differ from each other principally in the 
method whereby the oxygen necessary for the combustion of 
the fuel is supplied. In some calorimeters, the combustion 
is effected by the oxygen in atmospheric air. In others almost 
pure oxygen gas is forced into the combustion chamber under 
high pressure. In still other types, the oxygen is supplied 
by some oxidizing agent — a powdered chemical — which is 
introduced into the combustion chamber of the calorimeter. 



Fig, 407. — Construction of an inexpensive coal calorimeter. 

467. The accuracy of a fuel calorimeter depends upon two 
factors: (1) The completeness of the combustion^ (2) The 
amount of heat lost. Various mechanical arrangements have 
been devised, whereby inaccuracy due to these factors has 
been reduced to a minimum. 

Explanation. — Inexpensive coal calorimeters are frequently con- 
structed according to the principle of that shown in Fig. 407. This is 
known as the chemical type. The steel crucible, C, is lined with some 
substance which is not affected materially by the products of combustion. 
This lining material is sometimes an enamel. In the more expensive 
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types, the lining is of platinum or gold. While the test is being made, the 
crucible is immersed in the water, W, as shown. The water container, A, 
is enclosed by an air-jacket casing, to minimize the heat loss by radiation 
and conduction. The metal stem, M, is hollow and closed at the top by 
a screw-cap valve, V. Wires for the electric explo ding-circuit pass 
through M. A fuse-wire, P (usually iron), located in the crucible, is 
connected in series with the two current-supply wires. To burn or 
explode the coal, which is under test, this fuse wire is heated to incandes- 
cence by an electric current. The wooden cover, T, fits tightly. 

To load the crucible, it is removed and unscrewed from the crucible- 
cover. The sample of coal, after having been carefully dried, weighed, 
and thoroughly mixed with some powdered oxidizing chemical (usually 
sodium peroxide) is placed in the crucible. The function of the chemical 
is to supply the oxygen necessary for the combustion. A quantity of 
water, W, sufficient to cover the crucible is now carefully weighed, and 
then poured into the water container. The water is then stirred, with 
the stirrer, S, until the temperature becomes constant. The mixture 
is then ignited by closing the electric circuit. Kapid and complete com- 
bustion ensues. The heat hberated thereby is imparted to the water, 
thus raising its temperature. Since the thermometer is graduated to 
read in small fractions of a degree, the rise in temperature may be accur- 
ately determined. To calculate the heat evolved by burning the sample 
of coal, add, to the weight of water surrounding the crucible, the water 
equivalent of the calorimeter, and multiply this sum^by the temperature 
rise corrected for the radiation rate during the run. From the value 
thus obtained must be substracted the heat due to the combustion of the 
ignition wire and the heat equivalent of the electric current used to heat 
up the fuse wire. Then, {Number Of British Thermal Units Thus 
Obtained') {Weight Of The Coal Sample, In Pounds) = Heating Value 
Of The Coal, In Per Pound. 

Note. — In bomb-type caeorimetebs, which give the most accurate 
results, commercially-pure oxygen gas is forced into the crucible, C, to 
provide for complete combustion of the coal. The gaseous oxygen is 
employed, instead of sodium peroxide or similar oxidizing agents. 

Note. — Another method op determining the heating value of 
COAL which is based on the amount of lead which a fuel will reduce from 
lead oxide, is as follows: A sample of about 1 gram (approximately 
0.035,3 oz.) of the coal to be tested is dried and crushed to a fine powder. 
It is then intimately mixed with 60 grams of litharge and 10 grams of 
ground glass. This mixture is now placed in a clay crucible and covered 
with a layer of salt. The cover is put on the crucible. It is then heated 
in the hottest part of a boiler furnace for about twenty minutes. After 
the crucible has cooled, the lead button is removed and carefully cleansed 
of the adhering slag. The lead is then accurately weighed. The B.tuj. 
per pound of coal may then be computed by the following formula: 
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Wlierein: H — heat value of the coal, in B.t.u. per pound. Wz, = 
weight of the lead button, in grams. Wo = weight of coal sample, in 
grams. If this determination is carefully made, the results obtained 
thereby will usually be about 3 per cent, higher than those obtained from 
a similar sample of coal when tested with a bomb-type calorimeter. 


468. Coal Is Classified Into Different Grades And According 
To Its Qualities And Constituents (see Table 451). — Many 
classifications of coal have been made wherein different 
properties were made the basis of the classifications. The 
most common classification, however, is as follows: (1) 
Anthracite. (2) Semi-anthracite. (3) Bituminous (five grades 
low to high volatile). (4) Suh-hituminous. (5) Lignite. 


Anthracite is practically all carbon. It is relatively clean and is 
difficult to ignite. It burns slowly with little smoke. It has a deep 
black color, a shiny semi-metallic luster 
and burns without softening or swelling. 

Practically all anthracite used in the 
United States comes from three fields in 
Pennsylvania- Small sizes, below pea, 
are used in power and industrial boilers; 
larger sizes are used as domestic fuel. 

Owing to the fact that it is very hard 
it is frequently called hard coal. It 
has a heating value of over 13,000 
B.t.u. per lb. of dry coal. Since it con- 
tains a very small percentage of vola- 
tile, little flame results from its 
combustion. It is furnished by the 
trade in several sizes (Fig. 408). 

Sbmi- ANTHRACITE bums more rapidly 
than does anthracite coal. It burns 
with a relatively short flame, but with 
a longer flame than that produced by 
anthracite. This is because the per- 
centage of volatile is higher in the semi-anthracite. It produces but few 
clinkers and little smoke. It is also sometimes designated as hard coal. 

Low-voEATiuE BITUMINOUS coal has an appearance similar to that of 
the anthracites. It has a high heating value, contains little moisture 
and ash, and burns with but little smoke. It is somewhat softer than 
the so-called hard coals. It is excellent for steaming purposes, but due 
to the limited supply only small quantities of it are used. It comes 
largely from the Pocahontas and New River fields of West Virginia and 
Virginia and the Winber field of Pennsylvania. 



Fig. 408. — Actual sizes and names of 
some trade sizes of anthracite coal. 
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Bituminous coals are, in America, by far the most common. Due to 
variations in the percentages of volatile matter, some of the bituminous 
coals burn freely with a short flame, while others burn with a longer flame. 

Bituminous coals are divided into two classes, as coking or non-coking. 
Coking coals tend to swell and form solid masses when heated in a fur- 
nace or retort. Non-coking coals burn freely without caking or forming 
matted masses. Coking coals are rich in volatile and are valuable for 
gas and coke manufacture. They are the most used steam-power-plant 
coals. The heat value of the bituminous coals varies from below 10,000 
to over 14,000 B.t.u. per lb. 

Sub-bituminous coal does not differ greatly from the bituminous. 
However, it has a lower heating value and slacks more readily, when 
exposed to weather, than do the bituminous coals. 



Lignite is the lowest grade of coal. It has a brown color. The heat- 
ing value is low; it contains considerable moisture. It crumbles badly 
when dried and, due to its rapid deterioration, is difficult to transport. 
It is used only when other coals in the locality where it is found are very 
expensive. When made into briquettes, lignite makes a fairly good fuel. 

459. Peat Is Not Generally Classed As Coal. — It is very wet 
when found and must be dried before it can be burned. It is 
a poor fuel and is used only in plants close to the mine. As 
shown in Table 451, the moisture content and the volatile 
matter are very high. However, most peats have lower B.t.u. 
values than that tabulated. Like lignite, if it is made into 
briquettes^ a fairly good fuel results. 
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460. Th.e selection of a proper fuel is an important economic 
problem. In selecting fuels for domestic uses (Fig. 409), 
the problem is not of great importance because the expendi- 
tures involved are relatively small. But, if a large building 
is to be heated, the selection of a proper fuel is of more con- 
sequence. All error will affect the fuel bill materially. For 
the power plant, the problem is a still more formidable one. 
For this service, an error in the selection may mean an annual 
loss of thousands of dollars. 

Note. — Therk may be several, grades op goad, oil, or gas avail- 
able for the operation of a fuel-consiiming device. Hence a decision 
must be made as to which to use. The factors which should be considered 
are many. A few are: (1) The hind, or kinds, of fuel available in the local- 
ity. (2) The comparative cost between the various fuels available- (3) 
The heat value of the different fuels and their grades. (4) The cost of 
handling. (5) Constancy of supply. (6) Equipment and capital necessary 
for installing the equipment. (7) Depreciation. (8) Cleanliness. (9) 
The nature of the load on the plant (load factor). That is, the load at 
certain periods may he greater than the maximum rate of combustion 
obtainable from a certain fuel. It is not within the scope of this book 
to consider such problems in detail. Each individual problem may 
involve different treatment. 

QUESTIONS ON DIVISION 13 


1. What is fuel? 

2. Into what three general classes may fuels be divided? 

3. Why are straw, bagasse, sawmill refuse, etc., used for fuels? 

4. Is wood used for steaming purposes to any great extent at the present time? 
Explain. 

6. What are the factors that make coal an important fuel? 

6- How was coal formed? 

7. What is meant by a prepared fuel? 

8. How is charcoal made? For what purposes is it most generally used? 

9. What is the main constituent of coke? How is it made? 

10. What is the source of crude petroleum? 

11. Name the chief products of petroleum which are used as fuels, 

12. What process is generally used in preparing fuel oils from the crude petroleum? 

13. Why is not alcohol used more extensively as a fuel? 

14. From what source is benzol derived? Benzine? 

15. How is natural gas obtained from the earth? 

16. Is gas a desirable fuel? Why? 

17. Name and describe the method of manufacture of three prepared gaseous fuels. 

18. How may the quality of a fuel be judged? 

19. What are the chief elements contained in coal? 

20. What is understood by the meaning of the term heat content? Explain. 

21. What two methods of making fuel analyses are in general use? 

22. Describe briefly the method of making a proximate analysis? 

23. What is meant by dry coal f As received f 
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24. If a coal analysis shows it to have a high ash-content, what is the usual conclusion 
concerning the quality of the fuel? 

26. What are the usual burning characteristics of a coal having a high percentage of 
volatile matter? 

26. What are the elements determined by an ultimate analysis? 

2T, Should an ultimate analysis be made on the coal while it is wet, or should it be 
dry? Give reasons for your answer. 

28. Give the most common classification of coals. 

29. Specify the characteristics of each class of coal. 

30. What can be said of peat as a fuel? 

PROBLEMS ON DIVISION 13 

1. From the proximate analysis of a sample of coal, the contents were found to be: 
moisture, 12.50 per cent,; volatile 25.00 per cent.; fixed carbon, 57.35 per cent.; ash, 
5.15 per cent. If the moisture is to be eliminated, from the analysis, what will be the 
percentages of the other constituents? If the ash is eliminated from the analysis also, 
what percentage of the combustible is fixed carbon, and what percentage Volatile? 

2. What is the approximate heating value of the coal given in Prob. 1 in B.t.u. per 
pound? 

3. Two coals are available, each at 34.00 per ton. The percentages of the various 
constituents of one coal, as shown by a proximate analysis, are: moisture, 8.0; volatile, 
16.0; fixed carbon, 64-0; ash, 12.00. The contents of the second by percentages were 
found to be: moisture, 6.0; volatile, 40-0; fixed carbon, 50.00; ash, 4.0. Which coal 
would be the more economical for the power plant to purchase? (Neglect all factors 
except the heating value.) 

4. What factors might cause the power plant manager to select the coal represented 
in Prob. 3 by the sample having the lower heating value? 
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461. Combustion may be defined as the process of the 
chemical union of a fuel vnth oxygen at a rapid rate, whereby 
light is evolved and an appreciable quantity of heat energy 
is liberated. In ordinary parlance, combustion is burning. 
By “liberated” is here meant the transformation of the inter- 
nal chemical energy (Sec. 28) of the fuel and of the oxygen 
into heat energy. In Sec. 157 it is explained how heat is 
usually liberated when a chemical process occurs. The fuels 
which are ordinarily used for combustion and their constitutent 
elements are described in Div. 13. Combustion is what occurs 
when a fuel is burnt in a power-plant boiler furnace (Sec. 497). 
Much of the preventable loss in steam power plants occurs in 
connection with the boiler and furnace (Sec. 499). A knowl- 
edge of combustion will enable one to minimize this loss. 
Hence, an understanding of combustion is essential to the 
successful operation of steam power plants. 

462. Before Combustion Can Occur, The Temperature 
Of The Fuel Must Be Raised To The “Ignition,” or “Kin- 
dling,” Temperature. — The ignition temperature is that tem- 
perature at which the heat which is liberated by the union 
of the fuel with oxygen is evolved faster than it is conducted 
away. Then the fuel becomes hotter, the urdon proceeds 
more rapidly and this in turn heats the fuel and the immediate 
surroundings faster, until incandescence (flames) occurs. 
Oxidation — the slow union of the oxygen with a substance — 
may occur at any temperature. But combustion — the rapid 
union of oxygen with a substance — cannot occur below the 
ignition temperature. After the ignition temperature has 
once been attained (the fire “kindled” or “started”) by a 
small portion of the fuel, the combustion will then proceed 
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automatically. The heat released by the combustion of one 
small portion of the substance will heat other portions and so 
on until the entire mass is burning. 

Note. — The ignitioist temperature for a given substance is not 
A PiXEB TEMPERATURE but depends on a number of factors such as: (1) 
The surface exposed by the consumed substance. (2) The pressure of the 
gas or vapor. (3) The presence or absence of adjacent substances. (4) 
The nature of the adjacent substances. Hence no definite ignition tem- 
perature can be given for a substance unless other factors are specified 
also. Ignition conditions are determined by several variables of which 
the temperature is only one. For the usual conditions in boiler furnaces, 
ignition temperatures are approximately: Bituminous coal, 766° F,, low- 
volatile bituminous coal, 870° F., anthracite coal 925° F. 

463. The principal constitutent^ of a fuel which unites with 
oxygen to produce combustion (Sec. 437) are: (1) Carbon. (2) 
Hydrogen. (3) Sulphur. When a substance is burned — when 
combustion occurs — its union with oxygen forms a third sub- 
stance which is called the product of combustion. The weight 
of this product of combustion is exactly equal to the sum of the 
weights of the substances which united to form it. Further- 
more, when two given substances combine to form a given 
product of combustion, they always combine in definite 
proportions by weight, and a definite amount of heat energy is 
liberated by the combustion. The amount of heat energy 
which is thus liberated by the combustion of the two given 
substances depends upon the weight of the two substances 
which have combined. The heat of combustion or calorific value 
of a fuel, as the terms are used in American boiler practice, is 
the heat, expressed in British thermal units, liberated by the 
complete combustion or oxidation of 1 lb, of the fuel in 
question. 


Note. — The principal substances which are contained in coal 
(Sec. 453) are carbon, hydrogen, oxygen, nitrogen, sulphur, moisture 
or water, and ash. However, as stated above, practically the only 
constituents of coal which will unite with oxygen during the process of 
combustion are carbon, hydrogen, and sulphur. The oxygen, nitrogen, 
moisture, and ash will not combine with oxygen during the combustion. 
Furthermore, the carbon, hydrogen, and sulphur usually exist in the coal 
in such a condition that not all of them will combine with oxygen during 
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combustion. However, the quantities of these substances which will 
not combine are so small that they may, in practice, be neglected without 
any appreciable error. 

464. The Oxygen Necessary For Combustion Is Usually 
Obtained From The Air. — Thus, in a coal-burning furnace the 
oxygen for combustion is supplied by the air which is forced 
through the furnace by the draft. Atmospheric air is a 
mechanical mixture of oxygen, nitrogen, and other gases. 
Since the nitrogen and other gases are incombustible they will 
hereinafter be considered as jointly being one gas and will be 
referred to as “nitrogen.^^ 

Note. — By Weight, Air Coisttains 23 Per Cent. Op Oxygen Anh 
77 Per Cent. Op Nitrogen. Hence, 100 lb. of air would contain 23 lb. 
of oxygen and 77 lb. of nitrogen. Thus, if 23 lb. of oxygen is required 
for the combustion of a certain amount of coal, 100 lb. of air must be 
supplied to the furnace. Or, if 1 lb. of oxygen is required, 100 -i- 23 == 
4.35 lb. of air will be necessary to supply it. By volume, air contains 
approximately 21 per cent, of oxygen and 79 per cent, of nitrogen. 

Note. — Complete combustion is a combustion in which the com- 
bustible elements and compounds have united with all of the oxygen 
with which they are capable of entering into combination. 

466. The complete combustLon or burning of carbon results 
in a product of combustion called carbon dioxide and the 
liberation of heat; see Sec. 157. That is, in the complete 
combustion of carbon in oxygen, the carbon (C) and the oxygen 
(O 2 ) unite and form carbon dioxide (CO 2 ). The chemical 
formula which expresses this reaction is: 

(320) C + O 2 = CO 2 

(321) 12 -h 32 = 44 

Beneath the chemical symbols in the above formula are w'ritten 
the combining weights of the substances. That is, in the com- 
plete combustion of carbon, 12 lb. of carbon combines with 
32 lb. of oxygen and forms 44 lb. of carbon dioxide. Or, by 
simple proportion, it is evident that 1 lb. of carbon combines 
with 2.67 lb. of oxygen and forms 3.67 lb. of carbon dioxide. 
If measured at the same temperature and pressure, the volume 
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of the carbon dioxide (CO 2 ) which is formed is exactly equal 
to the volume of the oxygen (O 2 ) from which it was formed. 
That is, if 100 cu. ft. of air was used to obtain the necessary 
amount of oxygen for the complete combustion of a certain 
amount of carbon, the products of combustion would be nitro- 
gen and carbon dioxide (CO 2 ). If measured at the same 
temperature and pressure as the 100 cu. ft. of air, there would 
be 21 cu. ft. of carbon dioxide (21 per cent.) and 79 cu. ft. of 
nitrogen (79 per cent.). Compare these values with that of 
air (Sec. 464). The quantity of heat energy which is produced 
in the complete combustion of 1 lb. of carbon is about 14,150 
B.t.u., or the thermochemical equation for this reaction 
(Sec. 158) is: 

(322) 1 Z5. C + 2.67 lb. O 2 = 3.67 lb. CO 2 + 14,150 B.t.u. 

If the oxygen for combustion is obtained from the air (Sec. 
464), the weight of air which will be required for the complete 
burning of 1 lb. of carbon (C) to carbon dioxide (CO 2 ) is 
4.35 2.67 = 11.61 lb. 

Note. — The BXjRisriKG of any combustible obeys the same general 
laws as does carbon. However, the product of combustion, the weight 
which will combine with a given weight of oxygen, the volume of the 
product of combustion, and the heat energy liberated depend upon the 
combustible and upon the product of combustion. These various prop- 
erties for the principal combustibles which occur in coal are tabulated 
in Table 467. 

466. Incomplete combustion of the carbon in the coal results 
in a waste of heat energy. Assume that 1 lb. of carbon under- 
goes incomplete combustion. That is, instead of its being 
burned to carbon dioxide (CO 2 ) it is only burned to carbon 
monoxide CO. From Table 467, it is seen that the burning 
of 1 lb. of carbon to carbon monoxide releases 3,960 B.t.u. 
whereas if it had been burned to carbon dioxide 14,150 B.t.u. 
would have been liberated. Thus, for every pound of carbon 
which undergoes incomplete combustion (14,150 — 3,960) or 
10,190 B.t.u. are wasted. Therefore, the presence of carbon 
monoxide in the flue gases (Sec. 483) indicates a loss of avail- 
able heat energy in the flue gases. 
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468 . If carbon dioxide (CO2) is passed over incandescent 
carbon (C) each molecule of carbon dioxide will join with a 
molecule of carbon and form two molecules of carbon monoxide 
(CO). This chemical reaction is expressed by the following 
formula: 

(323) C + CO 2 = 2CO 

(324) 12 + 44 = 56 

The numbers in For. (324), w^hich are the combining weights 
of the substances, show that 1 lb. of carbon (C) combines with 
3,67 lb. of carbon dioxide (CO 2 ) and forms 4.67 lb. of carbon 
monoxide. If measured at the same temperature and pressure, 

A /r 



Fig. 410. — Combustion on a coal-burning grate. 


the volume of the carbon monoxide (CO) thus formed will be 
twice that of the carbon dioxide (CO 2 ). Instead of this 
reaction- liberating heat energy, it absorbs heat energy — heat 
energy must be supplied to produce it. The amount of heat 
energy which is absorbed in reducing 1 lb. of carbon dioxide to 
carbon monoxide by the above process is about 1,580 B.t.u. 
A thermochemical equation for this reaction is therefore: 

(325) 0.273 Z6. C + 1 CO 2 = 1.273 lb. CO — 1,580 B.i.u. 

Note. — The chemical reactioNvS which occur, to some extent 
AT LEAST, IN A COAL-BURNING FURNACE RFC represented in Fig. 410. 
When the oxygen from the air, which is supplied by the draft, comes in 
contact with the hot coals on the grate, the union of the carbon and the 
oxygen (Sec. 465) forms carbon dioxide and liberates heat energy. This 
reaction is expressed by For. (322). See also Fig. 410. As this carbon 
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dioxide gas passes through the upper layer of incandescent coal (which 
is constituted largely of carbon, Div. 13) where the air (oxygen) supply 
is restricted, it is reduced to carbon monoxide as explained above (For. 
325). This process absorbs heat. The carbon monoxide thus formed 
continues to rise through the glowing coal to the top of the fuel bed. 
Then, if a sufficient quantity of air is admitted above the grate the carbon 
monoxide will be burned to carbon dioxide (Table 467). Tins process 
releases heat energy. If hy the above described process, 1 lb. of carbon 
is burned to carbon dioxide, the total heat energy liberated, the total 
weight of air used, and the weight of the carbon dioxide which is formed 
will be the same as though the 1 lb. of carbon had been directly burned' 
to carbon dioxide (Sec. 465). 

469. The heating value of a coal may be computed from the 
ultimate analysis by Dulong’s formula: 

(326) H = 14,5000 + 62,OOo(h - §) + 4,000*5 

(B.t.u. per lb.) 

Wherein: H = heating value of the coal, in British thermal 
units per pound. C, H, O, and S = respectively, the weights 
in pounds, of the carbon, hydrogen, oxygen, and sulphur, which 
as shown by the ultimate analysis (Sec. 455), are contained 
in 1 lb, of the coal. See the note and the example below. 
The above values of 14,500 B.t.u. per pound of carbon, 62,000 
B.t.u. per pound of hydrogen, do not quite agree with the 
corresponding values given in Table 467. The reason for this 
is, doubtless, that the values in For. (326) are those which have 
been found by experiment to give the most nearly correct 
heating values for the most of the more common coals, whereas 
those in Table 467 are the values which have been determined 
by experiment for the pure elements. Also it is a fact that the 
quantity of heat which is liberated by the combustion of a 
compound may be more or less than the heat which would be 
liberated by the combustion of the elements which form the 
compound. And furthermore, for the same reactions, the 
values which have been obtained by different authorities vary 
from one another. 

Note. — The wbighth, in pounds, op the various constituents 
OF A fuel which ARE coNT.\iNED IN 1 LB. OP THE FUEL may be obtained 
by dividing the percentage values of the ultimate analysis (Sec. 455) 
by 100. Thus, if the ultimate analysis shows that a certain fuel contains 
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88.68 per cent, of carbon, each pound of the fuel contains: 88.68 100 *= 

0-8868 Ih, of carbon. 

Example. — The ultimate analysis of anthracite coal ( Wilkesbarre, 
Pa.) from Table 451 shows the following percentages: carbon, 88.86; 
hydrogen, 2.04; oxygen, 1.95; and sulphur, 0.35. What is the heating 
value of this coal, in British thermal units per pound, based on the results 
of the ultimate analysis? 

SoL'crTioisr.~~By For. (326): the heating vaVae^ H •= 14,500(7 4“ 62,000 
{H — 0/8) 4- 4,000>8 = (14,500 X 0.8886) + 62,000[0.0204 — (0.0195 
S)] 4 - (4,000 X 0.0035) = 12,884 + 1,116 + 14 = 14,014 B.t.u. per lb. 
Note that this value is (14,014 — 13,950) = 64 B.t.u, per lb. greater 
than that given in Table 451. Thus, if the calorimetric value, as given 
in Table 451, is taken as correct, the computed value is in error by about 
.5 per cent- 

470. The weight of oxygen theoretically required for the 
complete combustion of a fuel may be computed by the follow- 
ing formula: 

(327) Wo = 2.67C 4- 8( ^ 5 (lb.) 

Wherein: Wo = weight, in pounds, of oxygen which is theoret- 
ically required for the complete combustion of 1 lb. of fuel. 
C, H, O, and S = respectively, the weights, in pounds, of the 
carbon, hydrogen, oxygen, and sulphur which are contained 
in 1 lb. of the fuel, as shown by the ultimate analysis (Sec. 455). 

DERiVATioisr. — The conrplete combustion of 1 lb. of carbon (Sec. 465) 
requires 2.67 lb. of oxygen: Therefore, if 1 lb. of a certain coal contains 
C lb. (lOOC per cent.) of carbon, then the weight, in pounds, of oxygen 
required to burn the carbon in 1 lb. of the coal is 2.67 X C. By a similar 
line of reasoning 3 lb. of oxygen will be required to burn the sulphur in 
1 lb. of the coal. It is assumed that all of the oxygen which the ultimate 
analysis shows the coal to contain is already combined with a part of the 
hydrogen and exists in the form of water of crystallization (H 2 O). 
Therefore, this part of the hydrogen which has already combined with 
oxygen cannot combine with any more oxygen, and, hence, it is incombus- 
tible. Since hydrogen and oxygen combine (Table 467) in the ratio cjf 
1 part hydrogen to 8 parts oxygen, the weight of the free hydrogen in 1 
lb. of coal which is available for combining with the supplied oxygen 
is {H — 0/8). Consequently (Table 467) the number of pounds of oxy- 
gen which is required to combine with {H — 0/8) pounds of hydrogen is 
8(i7 — 0/8) pounds. Thus {The number of pounds of oxygen required 
to burn the carbon in 1 lb. of a fuel) 4" {The number of pounds of oxygen 
required to burn the free hydrogen in 1 lb. of the fuel) 4- {The number of 
pounds of oxygen required to burn the sulphur in 1 lb. of the fuel) = The total 
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weight of oxygen which is theoretically required to hum 1 Ih. of the ftiel. 
Or, expressing this symbolically. For. (327) results. 

Example. — What is the weight of oxygen which is theoreticaEy 
required to burn 20 lb. of anthracite coal (Wilkes-Barre, Pa., Table 451)? 
SoLrrTioN- — From Table 451, anthracite coal (Wilkes-Barre, Pa.) contains, 
88.86 per cent, of carbon, 2.04 per cent, hydrogen, 1.95 per cent, oxygen 
and 0.35 per cent, sulphur. That is 1 lb. of this coal contains the follow- 
ing weights of the various substances: carbon, 0.888,6 lb.; hydrogen, 
0.020,4 lb.; oxygen, 0.019.5 lb.; sulphur, 0.003,5 lb. By For. (327): 
The weight of the oxygen which is theoretically required to hum 1 lb. of the 
fuel, Wo =- 2.670 ■+ 8(£r — 0/8) 4- - 2.67 X 0.888,6 + 8(.020,4 -- 

0.019,5 H- 8) + 0.003,5 - 2.372,5 + 0.144,0 -f 0.003,5 = 2.52 lb. 
Therefore, the weight of oxygen which is required to burn 20 Ih. of the fuel 
= 20 X 2,52 = 50.4 lb. 

471. Weight of dry air theoretically required for complete 
combustioii of a coal may be computed by the following 
formula. This formula follows from For. (327) by multiplying 
it by the value ‘^4.35/^ the ratio of air weight to oxygen weight 
as explained in Sec. 464; that is, 4.35 lb. of air must be used for 
each 1 lb. of oxygen which is required. 

(328) Wa = ll.eia + 34.80{ jy - § ) + (Ib.) 

Wherein: Wa = the weight, in pounds, of air which is theoreti- 
cally required to burn 1 lb. of the coal. (7, iJ, O, and S = 
respectively, weights in pounds of the carbon, hydrogen, 
oxygen, and sulphur, which, as determined from the ultimate 
analysis, are contained in 1 lb. of the fuel. 

Example. — What weight of air would be theoretically required for the 
complete combustion of 1 ton (2,0001b.) of the Wilkes-Barre, Pa. anthra- 
cite coal (Table 451)? Solution. — By Table 451: C = 0.886,5, H — 
0.020,4, O = 0.019,5, and S = 0.003,5. By For. (328): The weight of 
air which is theoretically required for the complete combustion of 1 lb. of 
the coal, Wa = 11.61C + 34.80 (H - 0/8) + 4.35aS =- (11.61 X 0.886,5) 
+ 34.80 [0.020,4 ~ (0.019,5 ^ 8)] -}- (4.35 X 0.003,5) = 10.292,3 4- 
0.626,4 -b 0.015,2 = 10.934,0 lb. Therefore, the weight of air which is 
theoretically required for the complete combustion of 1 to7i of this coal — 
2,000 X 10.934,0 == 21,868 Ih. 

472- The Amount Of Air Actually Required For Approxi- 
mately Complete Combustion Is Considerably Greater Than 
That Which Is Theoretically Necessary (Sec, 471). — For 



448 


PRACTICAL HEAT 


[Div. 14 


oxygen to unite with carbon, the oxygen molecules must come 
in intimate contact with the carbon molecules for an appre- 
ciable period of time. To get an oxygen molecule to come in 
intimate contact with each of the carbon molecules, a much 
greater number of oxygen molecules must be supplied than are 
theoretically necessary. When the oxygen for combustion 
is obtained from the air, the presence of the nitrogen molecules 
tends to prevent the oxygen molecules from contacting with 
the carbon. Also this intimate contact is further retarded 
by the irregularity in the passage of air through the fuel bed, 
due to uneven thickness of the fire, variation in the size 
of the coal, clinkers, ashes, and the like. 

Note. — Most Efficient Combustion Op Coal Is Obtained When 
The Air Supplied Is From About 30 To 50 Per Cent. Greater Than 
That Which Is Theoretically Required. The amount of excess air 
which should be supplied will vary over wide limits, depending upon the 
design of the furnace, the kind of coal which is being burned, and the 
manner of firing the coal. As will be shown hereinafter, too much air or 
too little air will result in a waste of heat energy which can ordinarily be 
prevented by careful and intelligent firing. The amount of excess air 
for the most economical combustion must be determined by trial for each 
individual case. 

473. The flue gas, or the products of combustion of coal 

when completely burned in oxygen will consist of : (1) carbon 
dioxide, (2) water vapor, and (3) a little sulphur dioxide or 
sulphur trioxide. If a part of the carbon is incompletely 
burned, the flue gases, in addition to the above, will contain 
some carbon monoxide. In the ordinary coabburning furnace 
where the oxygen for combustion (Sec. 464) is obtained 
from the air, the flue gases will consist principally of carbon 
dioxide, carbon monoxide, water vapor, nitrogen, and oxygen. 
Nitrogen is present in the flue gas because the nitrogen of 
the air is incombustible (Sec. 463) and is not changed in passing 
through the furnace. Oxygen is present because, due to the 
excess of air (Sec. 472), all of the oxygen cannot combine with 
the combustibles of the coal. Hence, some of the oxygen 
passes unchanged through the fuel bed and into the flue gas. 
The sulphur dioxide or sulphur trioxide composes such a small 
percentage of the flue gases that it is usually disregarded. 
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474. Flue-gas analysis consists in determining the percent- 
age by volume of the carbon dioxide, carbon naonoxide, oxygen, 
and nitrogen. There are various methods of making this 
determination. One method is briefly described in the follow- 
ing section. As shown hereinafter in this di\dsion, the results 
of oil flue-gas analysis may be used to determine whether or not 
the fuel is being economically burned. 



In this apparatus, as is explained below, a known volume of 
the flue gas to be tested is forced successively into the glass 
pipettes C, D, and E. Eiach of these pipettes contains a chem- 
ical which will absorb certain of the gas constituents of the flue 
gas. Thereby the percentage by volume of each of the 

constituents can be measured. ^ 

475. The Most Common Method Of Analyzing Flue Gas 
Is With An Orsat Apparatus (Fig. 411). 
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Explanation. — By manipulating the water bottle, B (Fig. 411), 
exactly 100 c.c. (cubic centimeters) of the flue gas which is to be analyzed 
is drawn into the graduated burette, A. By again manipulating the 
wate" bottle, this 100-c.c. gas sample is passed into and out of the treating 
pipette, Cy several times. Pipette C contains a solution of potassium 
hydroxide which absorbs the carbon dioxide that is in the flue gas. After 
all of the carbon dioxide has thus been removed from the flue gas sample, 
the remainder of the sample is passed back into A and measured. Since 
the carbon dioxide has been removed, the gas which still remains will 
have a volume which is somewhat less than 100 c.c. The decrease in 
volume indicates the percentage, by volume, of the carbon dioxide 
(CO 2 ) in the flue gas. 

In like manner the remainder of the gas is introduced into pipette D, 
which contains a solution of potassium pyrogallate. The potassium 
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Fig. 412-- 


-Showiiig changes 111 the composition of 100 cu. ft. air which are drawn into a 
boiler furnace and used to burn the fuel. 


pyrogallate absorbs the oxygen from the flue gas sample. After the 
oxygen has been removed, the remainder of the gas is passed into pipette 
E which contains an acidulated solution of cuprous chloride. This 
absorbs the carbon monoxide. The shrinkage in volume, in each case 
indicates, respectively, the percentage, by volume, of oxygen and carbon 
monoxide. After the carbon dioxide, oxygen, and carbon monoxide 
have been removed from the flue gas sample, the remainder consists 
principally of nitrogen. Although this remainder consists of nitrogen 
and a small quantity of other gases, it is, in the flue gas analysis, called 
nitrogen. 

Example. — Assume that 100 c.c, of the flue-gas sample is originally 
drawn into burette A of Pig. 411. After the sample has been passed 
through pipette C a number of times and then measured, it is found that 
the volume is now 88 c.c. Thus, the sample contains: 100 — 88 = 12 c.c. 
of carbon dioxide, or the proportion by volume of the carbon dioxide is 
or 12 per cent. After the oxygen has been removed by passing 
the remainder of the sample through pipette D, the volume as measured 
in A is 82 c.c. That is, there were: 88 — 82 — 6 c.c. of oxygen in the 
original 100 c.c. of the gas, or the proportion, by volume, of the oxygen is 
6 per cent. After the remainder of the sample has had the carbon monox- 
ide removed by passing it into pipette E, the volume is found to be 
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81.4 c.c. Thus, the proportion, by volume, of the carbon monoxide is : 
82 — 81.4, or 0.6 per cent. Since, there are 81.4 c.c. yet remaining, the 
percentage, by volume, of nitrogen is 81.4 per cent. 

Note. — The fexjb-gas analysis hoes not reveal all of the prod- 
ucts OF coMBtJSTiON" (Tig. 413) — the water vapor (H 2 O) is condensed 
and therefore is not measured. The flue-gas apparatus therefore analyzes 
only the dry part of the flue gases. For this reason the percentage, by 
volume, of the nitrogen as determined by the flue-gas analysis will always 
be greater than 79 which is (Sec. 464) the percentage, by volume, of 
nitrogen in the air. The nitrogen must necessarily constitute a larger 
portion of the dry gases than of the total. Stated in another form: 
The sum of {the percentage, by volume, of the carbon dioxide) {That of the 
oxygen) -j- (3^ that of the carbon 7nonoxide) will always be less than 21. 
From the preceding it is obvious that, with a fuel containing hydrogen, 
it is impossible to get the full 21 per cent, of CO 2 in the flue gases, even 
with perfect combustion and no excess air. Some engineers erroneously 
believe that 21 per cent, is the ideal. 

476. The weight of air supplied to burn each pound of fuel 

may be computed with commercial accuracy (see note below) 
by the following formula: 

(329) = (pounds) 

Wherein: = weight of air, in pounds, which is being 

supplied to the furnace for each pound of coal which is being 
burned at the time the flue-gas sample was taken. C =• num- 
ber of pounds of carbon contained in 1 lb. of coal as determined 
from the ultimate analysis. N, CO 2 , and CO = the respective 
percentages, by volume, of the nitrogen, carbon dioxide, and 
carbon monoxide as obtained by the flue-gas analysis (Sec. 
475). If any of the carbon which is in the coal is unburned 
and is removed from the grate in the ashes, then C should be 
taken as the weight of carbon actually burned per pound of 
fuel consumed- 

Note. — The only method whereby the amount of combustible 

WHICH IS CONTAINED IN THE ASHES MAY BE EXACTLY DETERMINED IS BY 
AN ANALYSIS OF A SAMPLE of the refuse from the furnace. The above 
formula will result in only approximate values, since, in its derivation, the 
air which enters the furnace is assumed to be dry and the only combus- 
tible which is considered to be in the fuel is carbon. Thus the hydrogen 
and the sulphur content of the coal is neglected. However, for most 
coals, the application of For. (329) will result in a value which is suffi-' 
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eiently aceiimte for all practical purposes; the error in using it does not 
ordinarily exceed 0-2 per cent. 

477. The percentage excess of the air supplied above that 
which is theoretically required may be determined by the 
following formula: 

(330) - 1 ) X 100 (per cent.) 

Wherein; X = percentage of excess air above that which is 
theoretically required. iV, O, and CO ~ respectively, the 
percentages, by volume, of the nitrogen, oxygen, and carbon 
monoxide as obtained by the fine-gas analysis. 

478. Weight of the dry flue gases per pound of coal burned 

may be computed by the following formula: 

(331) 3{COi+~CUy ^ 

Wherein: Wp = weight, in pounds, of the dry flue gases per 
pound of coal burned. CO 2 , O, CO, and N — respectively, 
the percentages by volume of carbon dioxide, oxygen, carbon 
monoxide, and nitrogen from the flue-gas analysis. C = 
weight, in pounds, of carbon which is burned per pound of 
fuel. If there is no loss of carbon to the ashes (See. 482), 
the weight of gas, Wp, determined by the above formula is 
per pound of dry or moist fuel, depending on whether the 
percentage of carbon from which C is determined is referred 
to a dry or moist basis. 

479- The theoretical temperature produced by combustion 

of dry coal containing no hydrogen with dry air may be 
computed by the following formula: 

(332) T ^ (‘leg. F.) 

Wherein: T = the temperature, in degrees Fahrenheit, which 
is produced by combustion of the fuel. = temperature, in 

degrees Fahrenheit, of the air entering the furnace. H = 
heating value, in British thermal units per pound, of the coal 
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as determined by For. (326). Wp = the weight, in pounds, 
of the products of combustion per pound of fuel burned as 
determined by For. (331). The value of 0.24 is taken as the 
mean specific heat of the products of combustion over the 
temperature range from Ta to T, However, owing to radia- 
tion to the boiler tubes and furnace walls, to the fact that all 
coals contain moisture and hydrogen, and that the air always 
contains some moisture, and to other losses, this theoretical 
temperature is never attained in practice. The tempera- 
tures actually attained in a boiler furnace, under normal 
conditions, are likely to be in the neighborhood of those 
suggested in Fig. 64. 

480. The Chemical Energy Of A Fuel Is Not All Utilized In 
A Boiler. — Only a portion of the fueFs chemical energy is 
actually liberated and transferred to the water and steam in 
the boiler. The balance of the chemical energy is wasted, 
partly as chemical energy and partly as heat energy. Hence 
the energy of the fuel is divided into two parts: (1) Heat 
utilized. (2) Energy wasted. The wasted energy is often 
called the heat loss. The different ways in which energy is 
wasted are described in Sec. 481. A heat balance (Sec. 489) is a 
tabulation wdiich shows how the chemical energy of the fuel is 
divided into utilized heat and various losses. 

481. Heat losses in a steam-boiler furnace occur through 

the following channels: (1) Uvhurned fuel in the ash. (2) 
Combustible in the flue gaSy usually in the form of carbon 
monoxide, Sec. 466. (3) Heat carried away in the dry flue 

gas. (4) Heat carried away by moisture in the flue gas. This 
moisture comes from free moisture in the coaly moisture formed 
by burning the free hydrogen in the coal to water vapory and 
moisture in the air supplied to the fzirnace. (5) Radiation and 
unaccounted losses. Each of these losses is discussed in 
following sections. 

482. Heat loss due to the unburned fuel in the ash may be 

computed by the following formula, which is based on the 
assumption that all of the unburned combustible which drops 
from the grate to the ash pit is carbon: 


(333) 


Ha == 14, 150.4 C 


(B.t.u. per 11).) 
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Wherein: == the heat, in British thermal units, which is 

lost for each pound of coal burned because of unburned carbon 
rejected in the ashes. A = weight, in pounds, of ash per 
pound of coal, as determined by the ultimate analysis of the 
coal. C — weight, in pounds of carbon per pound of ash, as 
determined by analysis of the ashes which are rejected from 
the furnace. Whether or not this loss is large or small will 
depend upon the grate or stoker, the kind and size of coal being 
fired, the rate of combustion, and upon the care which is 
exercised by the fireman. In practice, this loss varies from 
practically zero to 15 or 20 per cent, of the heating value of the 
coal. It reaches these maximum values only when the rate of 
corabustion is excessive, due to large overloads, or when the 
fireman grows careless. An average value for good practice 
would probably be 2.5 to 5 per cent. 

483. Heat loss occasioned by carbon monoxide escaping 
in the flue gas (Secs. 466 and 468) may be read from Fig. 413 
or it may be computed by the following formula: 

(334) = 10,220 X X ^ 


Wherein: HLgo = the heat, in British thermal units, which is 


JU'OO 
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Fig. 413. — Graphs for finding heat 
loss due to CO in the flue gases 
(H. O’NEiiiii in Power). 



lost from each pound of coal 
burned due to carbon monoxide 
which escapes with the flue gases. 
CO 2 and CO == respectively, the 
percentages by volume of the 
carbon dioxide and the carbon 
monoxide as obtained by the 
flue-gas analysis (Sec. 475). 
C = weight, in pounds, of carbon 
actually burned per pound of fuel 
consumed. If the amount of car- 


bon which leaks into the ash pit (Sec. 482) is small, C may be 
taken from the ultimate analysis values without causing any 
appreciable error. In general, the loss due to carbon mon- 
oxide is negligible (see also Sec. 494). 

484. A Considerable Quantity Of Heat Is Carried Out Of 


The Furnace By The Flue Gas, — The air and fuel are admitted 
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to the furnace at a temperature somewhere near that of the 
boiler room. They leave the furnace, in the form of products 
of combustion, by way of the stack at a temperature some- 
where around 500^" F. The sensible heat which is thus lost 
may be computed by the following formula: 

(335) Hp = 0.24 Wp(T 2 - (B.t.u. per lb.) 

Wherein: lUr = heat, in British thermal units, which is lost 
in the escaping flue gas for each pound of fuel which is burned. 
Wp = weight, in pounds, of the products of combustion for 
each pound of fuel burned as determined by For. (331), Sec. 
478. Ta = temperature, in degrees Fahrenheit, of the flue gas 



Fig. 414. — Showing how losses in dry flue gas vary with percentage of excess air. 
The values shown are not to. be taken as representative. The variation is shown about 
as it usually occurs. 


measured at the point where the products of combustion leave 
the boiler. Ti = temperature, in degreCvS Fahrenheit, of the 
air supplied to the furnace. 0.24 == the mean specific heat at 
constant pressure (approximately) of the flue gas. The loss 
due to this source cannot be eliminated. It can be minimized 
by keeping both Wp and at the lowest reasonable values. 
Since Wp depends on the percentage of excess air, and since 
without sufficient excess air the other losses become excessive, 
some reasonable value of Wp (somewhat in excess of the 
theoretical) must be tolerated; see Fig. 414. Likewise, since 
the value of T 2 usually determines the draft pressure (Sec. 256) 
here too a compromise must be made. In good practice the 
heat loss due to the heating of the flue gas can be reduced to 
about 15 per cent. 
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Example. — A graphical method op finding the heat loss in the 
DRY FLUE GAS involves the use of the charts of Figs, 415 and 416, Suppose 
a given fuel contains 10 per cent, of hydrogen per lb. of combustible and 
that a flue-gas analysis shows 11 per cent. CO 2 - Then, by Fig. 415, the 
combustion requires 20 lb. of air per lb, of combustible. Therefore, the 
weight of gas per pound of combustible will be (20 + 1) =21 lb. Now, 
if the temperature of the flue gases 
is 560® F- and atmospheric tempera- 
ture is 60° F., then by Fig. 416, at the 
intersection of the 21 lb. and the 500° 

F. lines, the heat loss = 2,500 B.Lu. 
per pound of combustible. 

486. The heat lost because of 
free moisture in the coal (Fig. 

417) is occasioned by the fact ^^,000 
that the temperature of the 
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Fig. 415. — Graphs showing percentages 
of excess air corresponding to difTerent COa 
percentages for fuels containing hydrogen. 
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Fig. 416. — Graphs for finding heat 
loss in dry flue gases. (See example 
in text.) 


moisture must be raised from that of the coal when fired to 
about 212° F., evaporated, and then raised to the temperature 
of the escaping flue gas. The quantity of heat which is tiius 
lost per pound of fuel burned may be computed by: 

(336) H,,r = MCI, 089 + O. 46 T 2 - Ti) (B.t.u. per lb.) 

Wherein: Hm = the heat, in British thermal units, which is 
lost per pound of fuel burned because of the free moisture 
which is contained in the coal. M = weight, in pounds, of the 
moisture in each pound of coal as determined by the proximate 
analysis of the coal as fired. Ti and T 2 = respectively, the 
temperature, in degrees Fahrenheit, of the boiler room and of 
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the escaping flue gas (Sec. 672). The loss due to moisture in 
the coal cannot be eliminated. It is minimized when the flue 
gas leaves the boiler at the reasonable minimum temperature 
(Sec. 484). In good practice this loss seldom exceeds 1 to 2 
per cent. 

DERiVATioisr of Tor. (336). At the low vapor pressures at which 
moisture in flue gas exists, and at temperatures between 200 and about 
600°, the heat content per pound of superheated vapor may be found 
accurately from the equation h == 1,057 -f- 0.467^2* This is the heat con- 
tent of the moisture as it leaves the boiler with the flue gas. When the 
moisture entered the furnace with the fuel, its heat content (heat of the 
liquid) is found from the equation hi — — 32. The heat added to 
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Fig. 417. — Graphs showing loss due 
to moisture in coal for a boiler-room 
temperature of SO® F. (H. O’NEiLti 
in Power.") 
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Fig. 418. — Graphs showing loss due 
to hydrogen in coal. (H. 0 ’Nkii,il. in 
Power.) 


the moisture by the fuel, and hence the heat loss to the boiler, is ^ — h 
Substituting for h and hi their values we have 


Hm = 1,057 -h 0.46^2 — (Ti — 32) 
= 1,089 -f 0.46T2 - Tx 


486. There Is A Real Toss Due To The Water Vapor 
Formed By The Burning Of The Hydrogen In The Coal 

(Table 467 and Fig. 418). — This unpreven table loss results 
from the same reasons as those outlined in Sec. 485 for the free 
moisture contained in the coal. It may be computed by the 
following formula: 

(337) = 9iV(l,089 + 0.46^2 — Ti) (B.t.u. per lb.) 

Wherein: H // — heat, in British thermal units, which is lost 
per pound of fuel burned due to the hydrogen content of the 
fuel. H — the weight, in pounds of hydrogen per pound of 
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fuel, as determined by the ultimate analysis (Sec. 455). T^ 
and T 2 = respectively, the temperature, in degrees Fahrenheit, 
of the boiler room and the temperature of the escaping flue 
gases. The loss due to hydrogen cannot be eliminated. It 
can be minimized by cooling the flue gas, in the boiler, to a 
reasonable minimum value (Sec. 484). In good practice, this 
loss runs from practically zero for anthracite coals to about 
4 per cent, for coals high in hydrogen. 

Derivation. — The weight of water formed is always 9 times that of the 
hydrogen from which it is formed. The derivation of the remainder of 
the equation will be obvious from that given under For. (336). 

487. There Will Also Be A Heat Loss Occasioned By The 
Moisture Contained Iti The Air. — This moisture is already in 
the form of vapor when it enters the furnace. Consequently, 
the heat of the liquid (Sec. 363) and the latent heat of vaporiza- 
tion (Sec. 364) do not have to be added to this moisture. 
Therefore, the only heat which is carried out of the furnace by 
the moisture (water vapor) in the air is that which is necessary 
to raise its temperature from that of the ingoing air to that 
of the escaping flue gas. This loss may be computed by the 
following formula: 

(338) - 0.46WfW^(T 2 - Ti) (B.t.u. per lb.) 

Wherein: Hf = the heat, in British thermal units, which is lost 
per pound of fuel burned, due to the moisture in the air. Wf 
== weight, in pounds, of moisture per pound of air supplied to 
the furnace. This value can be obtained by means of a wet- 
and-dry-bulb thermometer and psychrometric chart (see Div. 
10). Wa = weight of air, in pounds, per pound of fuel as 
obtained from For. (329), Sec. 476. Ti and — respectively, 
the temperatures, in degrees Fahrenheit, of the air entering 
the ash pit and of the escaping flue gas. 0.46 = the mean 
specific heat of steam between the temperatures Ti and T 2 
and at atmospheric pressure. This loss is comparatively small 
and is frequently not computed. It may be minimized by 
keeping at a reasonable minimum (see Sec. 484). In good 
practice it seldom exceeds 1 per cent. When not computed, it 
is included in the unaccountable losses (Sec. 488). 
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488. Losses of heat from the furnace due to “radiation and 

unaccounted losses” [H^e in For. (339)] are either impossible 
or impracticable to compute. These losses include: (1) 
Radiation loss. This loss will vary with the size of the unit, 
the condition of the setting and the like. It may be decreased 
by jacketing with insulation. (2) Loss due to unburned volatile 
hydrocarbons (see Sec. 494). (3) Loss due to the hydrogen 

which may he formed by the chemical urvion of carbon and mois- 
ture (C + H 2 O = CO + II 2 ). (4) Other losses not otherwise 

accounted for as, for example, the errors i7i observations. These 
'^radiation and unaccounted losses” are computed, in an 
evaporation test, by: 100 — (boiler efficiency + the percent- 
ages of six losses as outlined in Secs. 481 to 487) = percentage 
of radiation and unaccounted 
losses. The magnitude of these 
losses varies, in good practice, 
from about 1 to 3 per cent, for 
very large boilers operating at 
high rates, to 7-8 per cent, for 
medium sized boilers, and 12—15 
per cent, for small boilers oper- 
ating at low rates. 

489. The ^‘heat balance” for 
a boiler furnace is, as was 
suggested in Sec. 480, a tabu- 
lation of the utilized heat and the several losses which occur 
at the boiler. The heat balance may be written as a formula, 
thus : 


0,2 % Lost htf tve^rponsftm^ rioisfure Jn Coa/,^ 
/.4% Loif In Unbifrne/Pf CetrJbon f1onoxfcie,,\ 
5 . 3 ^ Racffaffon Anof t/naccounfeef' for Losses-,)* 
fU Yo Lost Tn Dry Hue Scrses-,^ 


77.5 % 


Heat Util ireof In ttoiklnq Steam 




4,'3% Lost Ir? Stecfm From HycfroyenOfCotr/' 

L7% Lost fr? Combi,/st/j^/e 

0,2% Lost Tn Heeft/nar t7ofsti/re Of A/r-**'' 
JOQ.o % Heart my Vat/ue of Coer/ 

Fig. 419- — Chart showing heat balance 
as determined by test on a 2400-b.p. 
boiler operating at 137 per cent, of rated 
load- This chart shows very good 
operation. 


(339) H = IIj7 + (H^ + Hco “k Hp + H.ir -f- Hir Mr) 

(B.t.u. xier lb.) 

Wherein: H = heating value of the fuel, in British thermal 
units per pound, as determined by analysis or calorimeter test. 
Hu = the heat utilized in evaporating water from each pound 
of fuel, in British thermal units. Hij = the heat lost per pound 
of fuel due to radiation and unaccounted for, in British thermal 
units. The other symbols have the same meanings as in 
Fors. (333) to (338). 



460 


PRACTICAL HEAT 


[Div. 14 


Example. — The values of the various losses and of the heat utilized 
during a typical boiler trial are pictured in Fig. 419. 

490. The formula for boiler efficiency or, more properly, 
^'the boiler, furnace, and grate efficiency, follows directly 
from For. (339). (See also Sec. 499 for another equivalent 
method of expressing this efficiency.) Thus, since it is always 
true that: Efficiency = (Output) -r- {Inptd), it follows that; 

. . _ (Hea t value) ~ (Losses) __ Heat utilized 

^ ^ Heat value Heat value 

Now, since the portion of For. (339) which is included in the 
parentheses represents the losses, it follows that: 

(341) E ^ Losses (decimal) 

Wherein: E = the efficiency of the boiler, furnace, and grate, 
expressed as a decimal. The other symbols have the same 
meanings as in the preceding. 

Example. — If the heating value of a coal is 14,000 B.t.u. per lb. and, 
of this, the heat utilized in a certain boiler installation in evaporating the 
water is 10,892 B.t.u. per ib., what is the efficiency of the boiler? Solxt- 
Tiox. — Substitute in For. -(341): E == Hu/H = 10,892 -i- 14,000 = 
77.8 per cent. = boiler efficiency. See also Pig- 420. 

491. The rate of combustion of coal is usually considered 

to be the number of pounds of coal burned per square foot of 
grate surface per hour. The rate of combustion depends upon 
the draft, the kind of coal being burned, the design of the 
furnace, and the skill of the fireman. If the fuel bed is kept 
at the proper thickness (4 to 14 in., depending on the kind of 
coal and coal-burning equipment) the rate of combustion will 
be increased if the quantity of air which flows through the fire 
is increased; the rate will be decreased if the air flow is 
decreased. Roughly, the rates of combustion for different 
fuels, in pounds per square foot of grate surface per hour, are: 
(1) Anthracite, 15 to 35. (2) Eastern'-bituminous, 20 to 75. 

(3) Western-bituminous, 20 to 50. 

492. The efficient or inefficient burning of coal in boiler 
furnaces depends upon whether or not the greatest possible^ 



Sec. 493] 


COMBUSTION 


461 


amount of the heat which is releasable by combustion (Sec. 
452) is utilized in evaporating the water in the boiler. Some 
of the chemical energy of the fuel will always be wasted. How- 
ever, the amount which is wasted is, to a large extent, wdthin 
the control of the fireman. The moisture losses (Secs. 485, 
486 and 487) cannot ordinarily be controlled by the fireman. 
These are sometimes called the unpreventahle losses. The 
heat loss which is caused by carbon being rejected in the ashes 
(Sec. 482), that which is caused by being carried out by the fiue 
gas (Sec. 484), and that which is caused by carbon monoxide 
escaping in the fiue gas (Sec. 483), cannot be entirely elimi- 
nated. But, since they may be minimized by proper firing, 
they are sometimes called the preventable losses. Thus, 
by exercising proper care in handling the coal and in cleaning 
the fire, the amount of coal (unburned carbon) which is rejected 
in the ashes may be reduced to a minimum. The stack losses 
(Sec. 484) and the unburned combustible in the fiue gas (Sec. 
483) are discussed in the following sections. 

493. In General, The Percentage Of Carbon Dioxide (CO 2 ) 
Contained In The Flue Gas Indicates The Amount Of Excess 
Air Being Used (Fig. 415). — ^Assuming that the flue gases 
contain no CO (carbon monoxide) a high percentage of CO 2 
(Sec. 483) indicates a small amount of excess air, and a low 
X:)ercentage of CO 2 indicates a large amount of excess air. The 
percentage of O 2 (oxygen, See. 475) would be a better indica- 
tion of the quantity of excess air, but it is more difficult to 
determine than is the CO 2 . The greater the value of the excess 
air which flows through the furnace, the greater will be the 
weight of the flue gas per pound of fuel burned, and (Sec. 484) 
the greater will be the quantity of heat which is lost by being 
carried out of the furnace by the flue gas. The general 
procedure to be folloAved to obtain a high CO 2 value, and 
(‘onsequently a low percentage of excess air, is outlined in the 
note below. 

Notes. — Thej general method for obtaining a high percentage of 
QO 2 — 12 to 15 per cent. — is as follows: With a lighted candle (Fig. 420), 
explore the entire outer surface of the boiler setting for leaks. Wherever 
there is a leak in the setting there will be a tendency to draw the candle 
flame into the setting. Test carefully at joints and where pipes and 
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breechings enter. Using a sharpened wooden stick as the caulking tool, 
caulk all leaks with a thin mixture of fireclay and cotton waste. Do not 
use lime or cement mortar because it will fall out after drying. Then, 

adjust the thickness of the fire so that 
the highest percentage of CO 2 (usually 
12 to 15 per cent.) is obtained with the 
smallest draft over (or under with forced 
draft) the fuel bed that will carry the 
load. With forced draft the pressure 
over the fire should be nearly balanced 
(0.05 to 0.07 in.) This will have to be 
determined by “cut and try” for each 
individual condition. The draft pressure 
over the fuel bed is measured with a 
draft gage (Sec. 676). The percentage 
of CO 2 is obtained by the flue-gas ana- 
lyzer (See. 475). The fuel bed must be 
kept clean and free from holes. If the 
above procedure is judiciously followed, 
a high percentage of CO 2 can usually be obtained with practically no CO. 

494. If The Flue Gas Contains More Than A Trace Of CO 
(Carbon Monoxide) A Large Amount Of Heat Is Being Wasted 
Which Can Be Prevented. — ^The U. S. Geological Survey found 
that by decreasing the percentage of CO from 0.7 per cent, to 
0.3 per cent., the efficiency of combustion was increased from 
57 to 65 per cent. That is, a 2 per cent, increase in the furnace 
efficiency resulted for every 0.1 per cent, decrease, by volume, 
of the CO in the chimney gases. This is about 4 times the 
theoretical amount which would be obtained by For, (334) 
of Sec. 483. The reason for this excess above the theoretical 
loss (Sec. 483) is that the presence of an appreciable amount of 
CO in the flue gases is usually accompanied by unburned 
hydrocarbons and hydrogen. When the air supply is insuflS.- 
cient (Sec. 472), or sufficient but not properly distributed, 
the combustion of the carbon will be incomplete (Sec. 466) 
and CO will be formed. See note below. 

Note. — The percentage, by volume, op the CO (carbon monoxide) 

WILL GENERALLY BE VERY SMALL, EVEN WITH A SMALL AMOUNT OP EXCESS 
AIR, IF A HIGH PERCENTAGE OP CO 2 (CARBON DIOXIDE) HAS BEEN OBTAINED 

as explained in the preceding section. However, large amounts of CO 
may exist with almost any amount of CO 2 . Thus, if the fire is thick and 
dirty in one part of the furnace, the coal in this portion will not receive 
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Fia. 420. — righted candle used 
for locating air leak into a boiler 
setting. The box (which is open 
at both ends) is used around the 
candle to protect it from side drafts. 
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sufficient oxygen for complete combustion. Consequently, a large 
quantity of CO will result. If, at tlie same time, there is a thin place or a 
hole in another part of the fire, a large amount of air will rush through, 
and the CO2 will be small. Do not attempt to secure a high percentage 
volume of CO 2 by cutting down the air supply only. If this is done, it 
will usually result in the formation of CO. 

QtTESTIOISrS ON DIVISION 14 

1. Define combustion. 

2. Wbat are tbe principal substances which, are contained in coal? 

3. From, what source is the oxygen for the conbustion of coal in a furnace usually 
obtained? 

4. What are the principal constituents of air? In what proportions do these con- 
stituents exist by volume? Bj*- weight? 

5. Explain what occurs when 1 lb. of carbon is completely burned in air? 

6. Explain with a diagram the chemical reaction which occurs to some extent in a 
furnace when carbon dioxide is reduced to carbon monoxide. 

7. Explain what occurs when 1 lb. of carbon is incompletely burned to carbon 
monoxide. 

8. Why must the quantity of ^ir which is supplied to a furnace be greater than that 
which is theoretically necessary for the combustion? 

9. What are the principal products of combustion which are formed when coal is 
burned in air? 

10 . What is meant by flue-gas analysis? Describe, briefly, a commonly employed 
method of making a flue-gas analysis. 

11. Why cannot the sum of the percentages, by volume, of the oxygen, the carbon 
dioxide, and the carbon monoxide be equal to the percentage, by volume, of the 
oxygen in the air which was supplied to the furnace? 

12. Name and explain 7 different ways in which heat from a boiler furnace is lost? 

13. Which of the avenues of heat loss from a boiler furnace may be practically con- 
trolled by the fireman? 

14. What is meant by “rate of combustion?" For a given grate burning a given coal, 

what things govern the rate of combustion? - 

15. In general, what does a high percentage, by volume, of CO 2 in the flue gases 
indicate? 

16. Explain the general methods for obtaining a high percentage of CO 2 and a low 
percentage of CO. 

17. Why does CO in the flue gas indicate a low efficiency of combustion? 

PROBLEMS ON DIVISION 14 

1. The percentages, by volume, of a flue-gas analysis are reported as follows: Carbon 
dioxide, S per cent-; oxygen, 7 per cent.; carbon monoxide 1 per cent.; nitrogen, 84 per 
cent. What is the weight of air which is being supplied per pound of fuel if 0.8 lb. of 
carbon is burned in the furnace for each pound of fuel which is fired? 

2- What is the percentage of excess air which is being supplied in Prob. 1? 

3. What is the weight of the dry flue gases formed per pound of fuel burned in Prob. 1? 

4. If 0.8 lb. of carbon is burned in the furnace for each pound of fuel fired, what is 
the heat loss per pound of fuel due to incomplete combustion? 



DIVISION 16 

STEAM POWER PLANTS 

496. The function of a. steam power plant (Fig. 421) is to 
convert into mechanical work the chemical energy (Sec. 28) 
which nature has stored in the fuel. In performing this 
function, the chemical energy — or a part of it, at least — which 
is contained in the fuel and in the oxygen of the air, is, in the 
boiler furnace, transformed into and given up as heat energy 
by combustion (Div. 14). Much of the heat energy, thus 
liberated, is transferred to water in* the boiler; this heat 
added to the water vaporizes the water into steam, in which 
most of the heat remains stored for transmission. This heat 
stored in the steam is then transmitted in pipes to some 
mechanical device (engine) which is so designed that a part of 
the heat energy in the steam is by the heat engine transformed 
into mechanical work. 

Note. — The purpose of this division' is to describe briefly the 
fundamental function and the operation of some of the more essential 
components of the modern stOam po-wer plant. For a more detailed 
treatment of these various elements, the reader is referred to the follo'wing 
books by the author: “Steam Boilers,” “Steam-engine Principles And 
Practice,” “Steam-turbine Principles And Practice” and “Steam Power 
Plant Auxiliaries And Accessories.” 

496. The essential parts of a steam power plant (Fig. 421) 
are; (1) The boiler furnace, F. (2) The boiler, B. (3) The 
steam ‘pi'ping, P. (4) The prime mover, E. The functions of 
each of these parts are described in the notes below and the 
parts themselves are further discussed in following sections. 

Note. — The boiler furnace and the boiler are frequently so 
constructed that a definite and rigid distinction cannot always be made 
as to just what part constitutes the boiler and what part constitutes 
the furnace. The boiler f urnace (F, Fig. 421) generally consists of some 
device, such as a grate (under Fin Fig. 421), stoker or burner (Pig. 428) 
for bringing the air which is necessary for combustion (Sec. 472) into inti- 
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mate contact with the fuel, and a space, or combustion chamber, usually 
enclosed by firebrick or metal, wherein the combustion is complied and 
the hot products of combustion (Sec. 463) transmit a part oVthe heat 
which they contam to the boiler. The boiler is a closed vessel in which 
by the absorption of the heat of combustion of the fuel, water is boiled 
and thereby converted into steam. The heat of combustion of the fuel is 
transmitted to the walls of the boiler by radiation (Sec. 138) con 
duction (Sec. Ill) and convection (Sec. 137). The heat is transmitted 
by conduction through the walls of the boiler to the water whichT con- 
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One exception is mercury now being used in three central station power 
plants. 

Note. — The FTjisrcTioN^ op the steam piping (P, Fig. 421) is to 
conduct the heat in the steam from the hoEer to the prime mover. If the 
prime mover is mounted on the boiler 
(as it is in the locomobile and in port- 
able power plants, Fig. 422, of certain 
types), the steam piping can be 
omitted. However, practical con- 
siderations generally prohibit such an 
arrangement for plants of medium or 
large capacity. The pipes which con- 
duct the steam from the boiler to the 
prime mover are generally covered 
with some insulating material which 
offers great resistance (Sec. 114) to 
heat flow. Thus, the loss of heat 
from the steam, between the boiler 
and the prime mover, is minimized; see Fig. 423. 

Note. — The puisrcTioN op the prime mover op a steam power pl.a.nt 
is to convert into mechanical work the maximum possible amount of the 
heat energy which is delivered to it in the steam. The prime mover in a 
steam power plant is either a reciprocating steam engine (Sec. 502) or a 
steam turbine (Sec. 505). The engine or turbine drives mechanically 
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Pig. 423. — Heat loss from steam pipes 
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Fig. 424. — Fireless locomotive- Note the absence of the smoke stack. {H. K. JPorter 

Co., Pittsburgh, Pa.) 

an electric generator, a line shaft, or some other device which will trans- 
mit energy or useful work. 

Note. — The fireeess eocomotive (Fig. 424) is not a complete steam 
power plant because its heat energy does not come to it in a fuel — no 
combustion occurs in it. But it does provide an interesting example of 
the conversion of heat energy in steam into mechanical work. Its 
operation is as follows: The locomotive carries a storage tank, somewhat 
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similar to a boiler, which has a capacity of about 760 cu* ft. This tank 
is first about % filled with water. Then the tank is connected to a sta- 
tionary steam boiler wherein the steam pressure is about 350 lb. per 
sq. in. The tank and the boiler are permitted to remain connected until 
no more steam will flow into the tank. Then the connection is broken. 
The storage tank, which is well insulated against heat loss, now contains 
water and steam at a pressure of about 350 lb. per sq. in. gage, which 
is at a temperature of about 437° F. (see Steam Table 394). As the steam 



Fig. 425. — A iiand -fir ed coal-burning water-tube boiler furnace (^Babcock d?; Wilcox Co.). 

is taken from the storage tank to drive the locomotive, the pressure in the 
tank decreases, whereupon more steam is formed due to the heat stoi’ed 
in the water. When the pressure within the tank drops to about 20 or 
30 lb. per sq. in., the tank must be recharged. Under normal operation, 
the locomotive will operate from 2 to 10 hr. with one charge. Its princi- 
pal use is in industrial-plant service where electric or other steam loco- 
motives would be hazardous. 

497. The principal types of boiler furnaces are : (1) Hand- 
fired furnace, Fig. 425. (2) Stoker- fi^'ed, furnace, FigKS. 426 and 

427. (3) Oil-hurning furnace, Fig. 428. (4) Gas-burning 

furnace, Fig. 429. (5) Powder ed-coal-hurning furnace, Fig- 

430, The hand-fired (Fig. 425) and the stoker-fired furnaces 
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(Figs. 426 and 427) are used, respectively, in small and in large 
capacity installations for burning coal as received from the 
mine. A powdered-coal-burning furnace is used to burn coal 
which has been mechanically pulverized to a fine dust. Fur- 
naces of each of these different types are made in a number of 
different forms, depending upon the kind of fuel which is to be 
used, upon the type of stoker, if any, upon the kind of boiler 
(Sec. 498) with vrhich they are to be used, and upon the opin- 
ions of the designer. 



498. Steam -power -plant boilers may be classified according 
to a number of different schemes (see the author^s “Steam 
Boilers ’0- However, practically all modern boilers are either: 
(1) Fire-tube boilers, Fig. 431, Avherein the drum contains a 
number of tubes which are surrounded by water, and through 
which the high-temperature gaseous products of combustion 
are passed. (2) Water-tube boilers, Figs. 425 to 430, wherein a 
number of tubes are connected to one or more drums and the 
high-temperature gaseous products of combustion are passed 
over the tubes which are filled with water. The reason foi 
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the tubes, whether fire tubes or water tubes, is to increase the 
area of the boiler surface which is exposed to the hot gases. 
By thus increasing the area (Sec. 115) which is in contact with 
the hot gases, the heat transfer from the gaseous products of 
combustion to the water within the boiler is materially 



Fia. 427.— Furnace for a chain-grate stoker designed to burn No. 3 buckwheat under a 

5,000 sq. ft. boiler. 

increased. Fire-tube boilers are built in three principal types 
as described in the following note. 

Note. — The principal types op pire-tube boilers are: (1) The 
return-tuhular boiler, Fig. 431. (2) The locomotive-type boiler, Fig. 432. 

(3) The Scotch-marine boiler. Fig. 433. An externally -fired boiler is one 
which has a separate furnace built outside of the boiler shell. An inter- 
nally-fired boiler is one wherein the furnace is located within the boiler 
and forms an integral part with it. Practically all water-tube boilers 
(Figs. 425 to 430) are of the externally-fired type. The return-tubular 
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boiler (Fig. 431) is an externally-fired fire-tube boiler. The locomotive- 
type boiler (Fig. 432) and the Scotch-marine boiler (Fig. 433) are inter- 
nally-fired fire-tube boilers. In general, the applications of the boilers 
of the various types mentioned above are about as follows: (1) Return- 



Fig. 430. — Pulverized-coal furnace under a 7,550 sq. ft., bent-tube boiler designed to 
generate 90,000 lb. of steam an hour at 440 lb. per sq. in. pressure and 734® F. {Foster 
Wheeler Co.) 


tubular and water-tube boilers for medium-capacity stationary installations; 
only water-tube boilers are used for large-capacity installations. (2) The 
locomotive-dype boiler for portable and small-capacity stationary installations. 
(3) The Scotch-marine boiler for land and marine service where the available 
boiler space is small. 
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499. The eflS.ciency of a boiler and furnace (and grate if 
the furnace has one) is the ratio between the quantity of heat 



Fig. 431. — A fire-tube boiler — return-tubular. 


which is absorbed by the water and steam in the boiler and 
the quantity of heat which should have been liberated by the 



Fig. 432. — A locomotive- type boiler — ^internally-fired, fire-tube. 


complete combustion of the fuel which is fired. This may be 
wntten as a formula thus: 






474 


PRACTICAL HEAT 


ID IV. 15 


(342) (decimal) 

Wherein: E = the efficiency of the boiler and furnace (and 
grate, if any) expressed decimally, Qj? = heat, in British 
thermal units, which is absorbed by the boiler per pound of 
fuel fired; Qb is computed from the data obtained in an 



Fig. 433. — A Scotch-marine steam boiler — internally-fired, fire-tube. 


evaporation test. H = the heating value (Sec. 452) in British 
thermal units per pound of fuel as fired; H is determined 
(Div. 13) by a calorimeter test of the fuel or (Sec. 469) from the 
results of the ultimate analysis of the fuel. 

ExampxiE. — D uring an evaporation test it was found that a certain 
boiler absorbed 9,346 B.t.u. for each pound of coal fired. The heating 
value of the coal, as fired, was 12,600 B.t.u. per lb. What was the 
efficiency of the boiler, furnace, and grate? SonuTioisr. — By For. (342), 
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the efficiency of the boiler y furnace, and grate, !E = Q^/H = 9,346 
12,600 = 0.741, or 74.1 per cent. 

500. Rating Of Steam Boilers. — ^Boilers are rated according 
to the pounds of steam generated per hour and upon the square 
feet of heating surface that the boiler contains. The term 
boiler horsepower is still used to rate small boilers. This 
is an arbitrary unit and is equivalent to the evaporation of 
34.5 lb. of water per hour from a temperature of 212*^ F. and at 
atmospheric pressure to steam at the same temperature and 
pressure. To evaporate a pound of water under these condi- 
tions 33,479 B.t.u. of heat must be added; hence a boiler horse- 
power is also equivalent to 33,479 B.t.u. per hr. Early 
boilers when operated under ordinary conditions as to setting, 
fuel, and firing developed 1 boiler hp. per each 10 sq. ft. of 
heating surface. Hence manufacturers rated boilers on the 
basis of 1 boiler hp. for each 10 sq. ft. of heating surface that 
the boiler contained. Modern boilers will develop 3 to 4 
boiler hp. per 10 sq. ft. of heating surface and special units 
have gone as high as ten. For this reason the use of boiler 
horsepower and this arbitrary method of rating boilers is 
being discarded. 

Example. — A boiler which has 2,000 sq. ft. of heating surface is 
rated as a: 2,000 10 == 200 boiler hp. boiler. This boiler will, under 

average conditions, readily develop 200 hp. But by forcing — assuming 
sufficiently large grate area — all boilers may develop 50 per cent, more 
than their rated horsepower. Good water-tube boilers may develop 
continuously 300 per cent, rating and on short duration peak loads 600 
per cent, rating. 

501. The prime mover of a steam power plant is the machine 
— heat engine — wherein a portion of the heat energy of the 
steam is converted into work. This machine is usually either 
a reciprocating steam engine or a steam turbine. For a detailed 
description of many of the several different types of steam 
engines and steam turbines see the author's '^Steam-engine 
Principles And Practice" and ^'Steam-turbine Principles And 
Practice." A brief discussion of the principles of operation 
of the steam engine and the steam turbine are given heroin ir 
Secs. 502 and 506, respectively. 
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Fig. 434. Sectional view of a simple D-slide-valve steam engi] 
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Note. — As to the applicatioms op engines ani> turbines, tur- 
bines will prove the most economical in practically all large-capacity 
installations. In medium- or small-capacity installations, either engines 
or turbines may prove the most economical, depending upon the condi- 
tions. Turbines are inherently high-speed constant-speed machines, 
which may render their use impracticable for certain applications for 
which they otherwise might be the most economical. Turbines have no 
heavy reciprocating parts as have reciprocating steam engines. For 
equal power output the space occupied by a steam turbine is much less 
than that occupied by a steam engine. Turbines are considerably lower 
in first cost than engines of equal power; this is because of the higher 
speeds and simpler construction of 
the turbines. Engines have lower 
steam consumption than turbines 
when both are exhausting against high 
back pressure. 

502. The principle of opera- 
tion of a simple reciprocating 
steam engine (Fig. 434) may be 
understood from the following: 

Explanation. — As shown in Fig. 

434, the piston, P, is just a little be- 
yond dead center so that if a sufficient 
force in a right-hand direction is 
exerted upon the piston, it will move 
in that direction. At this position of 
the piston, the shde-valve, Z), is in a 
position such that the port of the 
steam-passage, H, is slightly open. 

Live steam (which is at a considerable 
pressure) from the boiler flows through the hve-steam pipe, S, into the 
steam chest, M, and fills AT. From the steam chest, the steam passes 
through the steam passage, iZ, and into the cylinder on the left-hand 
side of the piston, P. The pressure which the steam exerts on the piston 
forces the piston to the right. This rotates the main shaft. 

As the piston is thus forced to the right, steam continues to flow 
through JI into the cylinder until the valve, Z>, which is actuated by the 
shaft through the eccentric rod, L, and the valve stem, L, in moving to 
the left closes the port to the steam passage, JI. This is called the point 
of cut-off (C, Fig. 435). That is, the steam supply to the cylinder 'is 
cut off. The steam which is thereby entrapped in the cylinder is, at 
the point of cut-off, at a comparatively high temperature and pressure. 
Consequently, the steam continues to exert a force on the piston to the 
right. As the piston continues to be forced to the right }:»y the expanding 



Fig. 435. — Indicator diagram of a. 
steam engine showing position of piston 
when the various events of the cycle 
occur. The “Line Of Atmospheric 
Pressure*' is made with the valve be- 
tween the indicator and the engine 
cylinder closed — no steam in the 
indicator. 
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steam, the steam space in the cylinder on the left of the piston increases. 
That is, the steam expands behind the piston and in so doing continues 
to exert a pressure on it. 

While the piston has been forced to the right as explained above, the 
valve, Z), has been moved to the left, so that just a little before the piston 
reaches its extreme right-hand position, the D-shaped slide-valve has 
uncovered the port of the steam passage, H. But at this position the 
passage, H, instead of opening into the steam chest, now opens into the 
exhaust chamber, X, The point at which the valve opens Fig. 435) 
the steam passage to the exhaust chamber is called the point of release. 
The exhaust chamber connects to some region, such as the atmosphere 
or a condenser, wherein the pressure is lower than that of the steam in the 
cylinder at, the point of release. Thus, when the steam passage, H, opens 
to the exhaust chamber, X, the steam starts to flow out of the cylinder. 
In a double-acting engine such as shown in Fig. 434, a short time after 
the steam passage, ZZ, has opened to the exhaust, the slide valve uncovers 
the port of the steam passage, F, and steam begins to flow into the cylin- 
der on the right-hand side of the piston. This forces the piston to the 
left in a manner similar to that described above. 

As the piston is now thus forced to the left, it pushes the steam which is 
on the left-hand side of it out of the cylinder through H and the exhaust 
chamber, X. While the piston is now moving to the left, the slide-valve, 
D, moves to the right so that when the piston has completed about % of 
its stroke (ZZ, Fig. 435) the steam passage, H, is closed to the exhaust 
chamber, and steam trapped in the end of the cylinder is compressed. 
H is called the point of compression. Then, when the piston travels a 
little farther to the left {A, Pig. 435), the slide valve is shifted a little 
farther to the right and the steam passage, iZ, is opened to the steam 
chest, M, and steam is now admitted to the left-hand end of the cylinder. 
This is called the point of admission. 

The kinetic energy which has been stored in the moving flywheel will 
carry the piston over its dead center so that the steam which is now 
being admitted to the left of P begins another cycle of operation. As 
the engine continues to operate, steamTs thus alternately admitted to and 
exhausted from both sides of the piston. The reciprocating motion of 
the piston is transformed into rotary motion of the shaft by the connect- 
ing rod R (Fig. 434) and the crank, K. 

503. A steam-engine indicator diagram (Pig. 435) is a 
graph of the pressure variation within one end of the cylinder 
of an engine while the piston is being forced from one end of 
the cylinder and back; such a graph is plotted by an indicator 
(Sec. 696). The net area included by a steam-engine indicator 
diagram is proportional to the work (Sec. 262) which was done 
on one side of the engine piston during the power stroke and 
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the return stroke, when the diagram was taken. The average 
height between the upper and lower lines of the diagram is 
proportional to the mean effective pressure on the piston. 
The mean effective pressure may be determined from an indi- 
cator diagram by a planimeter, or, as explained below, by the 
method of ordinates . 

ExPLAlsTATIOlSr. ThB MEANT EPEECTIVE PRESSURE MAY BE DETERMBSTED 

FROM ANT INTDICATOR DIAGRAM BY THE METHOD OP ORDINTATES (Fig- 436) 
as follows: Draw two lines, CD and EF, perpendicular to the atmospheric 
line AB so that each line is tangent to 
the indicator diagram at one of its ends. 

Then take a ruler and place the zero 
graduation at any point on one of the 
lines, EF, and the 5-in. graduation on 
the other line, CD. With a sharp- 
pointed pencil make a dot (Fig. 436) on 
the indicator card at each quarter-inch 
graduation; that is, at the J4-in., the 
%-in., the the 1^-in., gradu- 

ations, etc. Remove the ruler, and 
through each dot thus made, draw a 
pencil line (shown dotted in the illus- 
tration) through the indicator diagram 
(as mn, op, etc.. Fig. 436) perpendicular 
to the atmospheric line, AB. Then 
measure the length in inches, of that 
portion of each line which is within 
the indicator diagram. Add together 
the lengths, in inches, of all of the lines and divide the sum by the number 
of lines, which is 10. Multiply this quotient by the scale of the indicator 
spring. The result is the mean effective pressure in pounds per square 
inch. See the following example. 

Example. — The scale of the spring, which was used in taking the indi- 
cator diagram shown in Fig. 436, was 100. Wliat was the mean effective 
pressure? Solution. — The vertical lines within the indicator diagram 
(Fig. 436) were drawn as explained above. The length, in inches, of 
each is as shown. The sum of the lengths = 1.30 -j- 1.41 -h 1.34 -|- 0.93 -{- 
0.69 -h 0-51 4- 0.37 -h 0.28 -f 0.22 -h 0.18 = 7.23 in. The sum of the 
lengths divided by the number of lines — 7.23 10 — 0.723 in., which is 

the average height of the diagram. Since the scale of the spring is 100, 
the mean effective pressure == 0.723 X 100 = 72.3 lb. per sq. in. 

504. Horsepower developed by the steam within the engine 
cylinder may be determined by the following formula: 


Ta/re/7 W/f/^100 li?. Spring 
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‘jEach Quarfer-Incb 
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Heoin Ef-fecfive 1 
X 100 - 7 ^^ 

Fig. 436. — Determiniag the mean 
effective pressure from an indicator 
diagram by the method, of ordinates. 
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(343) P = (indicated horsepower) 

Wherein : P = the indicated horsepower which is developed in 
that end of the cylinder for which the indicator diagram is 
taken. P = the mean effective pressure, in pounds per square 
inch, as determined from the indicator diagram (Sec. 503). 
L = the length of stroke, in feet. A = the area of the piston, 
minus the area of the piston rod, if the piston rod extends 
through the head of that end of the cylinder from which the 
indicator card is taken, in square inches. N = the number of 
revolutions per minute of the main shaft. If the engine has 
more than one working cylinder end, the indicated horse- 
power is determined as explained above for each end. Then, 
the total indicated horsepower of the engine is the sum of the 
indicated horsepower developed in all of the working cylinder 
ends. 

Example. — The indicator card shown in Fig. 436 was taken from the 
head-end of a steam engine cylinder. That is, the piston rod did not 
extend through the cylinder-end from which the indicator card was taken. 
The length of stroke was 2 ft. The diameter of the piston was 20 in. 
The engine was running at 125 r.p.m. What was the horsepower which 
was being developed in that end of the cylinder? Solution*. — By the 
solution to the problem under Sec. 503 the mean effective pressure = 
72.3 lb. per sq. in. The area of the piston = 3.14 X 20 X 20 4 == 314 

sq. in. By For. (343), the indicated horsepower for this end of the cylinder, 
P - PB^iV^/33,000 = (72.3 X 2 X 314 X 125) 33,000 - 172 hp. If 

the engine is a double-acting one, as is that of Fig. 434, and the power 
developed by the crank end is the same as that for the head-end — which 
it probably would be, approximately — ^then the total power developed by 
the engine = 2 X 172 = 344 hp. 

605. The steam turbine (Fig. 437) is, when it is operated 
condensing, a very efficient device for transforming into 
mechanical work the heat energy which is contained in the 
steam. Steam turbines are manufactured in capacities 
ranging from 3^ to 160,000 kw. Their principal uses are as 
prime movers for driving electric generators and for driving 
auxiliaries (Sec. 509) in steam power plants, and for driving 
centrifugal pumps in pumping stations. In central station 
power plants, the prime mover is usually operated condensing 
(Sec. 513) and the turbines which drive the auxiliaries are 
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operated non-condensing. Then, the exhaust steam from the 
turbines which drive the auxiliaries is used for heating the feed 
water (Sec. 518). In industrial power plants the main tur- 
bines often are operated non-condensing and the exhaust steam 
is used in a manufacturing process and for building heating 
during the winter. Steam turbines are inherently high-speed 
machines, the usual operating speeds being from 1,200 to 
4,000 r.p.m. 



Fia. 437. — An Alberger-Curtis impulse-type steam turbine having three rows of moving 

blades. 

506. Steam turbines are of two principal types : (1) The 

impulse turbine. (2) The reaction turbine. Turbines are also 
frequently made wherein both of the above types are combined 
in one machine. The principles of operation of turbines of 
each of these two types are briefly explained in the following 
notes. 

Note. — The principle of operatino a steam turbine op the 
IMPULSE TYPE (Fig. 438) is as follows: Steam which is at a high tempera- 
ture and pressure flows from the steam chest, C, Fig. 437, through the 
nozzle, N (Figs. 437 and 439). As the steam issues from the nozzles, A, 
at an extremely high velocity it strikes the blades, and causes the 
wheel, W, to rotate. The diverging nozzle, A, is so designed that the 
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Fia. 438. — Force due 
to impulse of steam on 
scales. 



Fxo. 439. — Illustrating operation of an 
impulse steam turbine. The impact of 
the high~velocity steam issuing from the 
nozzle, iV, on the blades, jB, causes the 
wheel to rotate. 




Fig. 440. — Force due to reaction of steam leaving nozzle. After the steam is turned 
on, the scales register the reactive force of the steam jet in addition to weight of nozzle. 

Fia. 441. — Reaction of water leaving nozzles in whirling lawn sprinkler causes it to 
rotate. 
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steam in passing through it undergoes practically frietionless adiabatic 
(isentropic) expansion (Sec. 385). During this expansion, some of the 
heat energy of the steam is transformed into kinetic energy (Sec. 385). 
Thus, the steam issues from the nozzle at a high velocity, usually from 
about 2,900 to 4,000 ft, per sec. In the impact of this high-velocity steam 
on the turbine blades, a large part of the kinetic energy is transformed into 
mechanical work of turning the wheel. After the steam leaves the wheel 
it is exhausted from the turbine casing into the atmosphere, into a 
feed-water heater (Sec. 518), into a building or industrial-process heating 
system (Div. 17), or into a condenser (Sec. 513). 

Note. — In tttrbin'es of the reaction type, the expansion of the 
steam also occurs in the moving nozzles (Figs. 440 and 441). That is, 
the moving blades on the turbine rotor or wheel, are so designed that the 
steam expands in passing through them. As the steam expands in these 
moving nozzles the heat energy is transformed into kinetic energy in 
essentially the same manner as was described above for the impulse 
turbine. As the steam issues from the moving nozzle at the high velocity 
thus acquired by the expansion, it kicks back,’* or produces a reactive 
force on the moving nozzle of the wheel and causes it to rotate. This 
'^reaction” occurs only when the steam leaves the nozzle with a velocity 
higher than that with which it approached the nozzle. 

607. The efficiency of a steam prime mover (Sec. 501) as 
a device for converting into mechanical work at the shaft 
the heat energy which is in the steam that is supplied to it, is 
called the thermal brake efficiency or overall efficiency, Sec. 436. 
It may be computed by the following formula: 

•u' 2,545 X P.B 

(344) E = _ 1 ^) (decimal) 

Wherein: E = the thermal brake efficiency, expressed as a 
decimal. = the power, in horsepower, delivered by the 

shaft; that is, it is the brake horsepower as is determined, 
usually, by a brake on the shaft or with an electric generator 
which is driven by the shaft. 'Ws = the rate of steam con- 
sumption of the prime mover in pounds per hour (see note 
below). H = total heat, in British thermal units per pound, 
of the steam (Sec. 365) at the throttle, h = the heat of the 
liquid, in British thermal units per pound (Sec. 363) at the 
exhaust pressure. 

Note. — Thermae brake efficiencies of reciprocating steam engines 
vary from about 5 per cent, for small-capacity, non-condensing, simple 
engines, to about 25 per cent, for large-capacity, condensing, triple- 
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expansion engines. For steam turbines the thermal brake efficiencies 
vary from abont 7 per cent, in small-capacity, non-condensing turbines, 
to about 28 per cent, in large-capacity condensing turbines. 

— The steam rate op a steam prime mover may be depined 
as the number of pounds of steam which is required to develop one unit 
of energy. The unit of energy, which is usually specified in a manu- 
facturer’s steam-rate guarantee for the prime mover, is either the indi- 
cated horsepower-hour, brake horsepower-hour, or the kilowatt-hour. 
The manufacturer’s steam-rate guarantee is always based upon the speci- 
fied initial and exhaust steam conditions, the load, and the speed in 
revolutions per, minute. The steam rate of a steam prime mover is, 
when stated in conjunction with the initial and exhaust steam conditions, 
an indication of the efficiency of operation. But the steam rate is a 
rather meaningless value unless the steam conditions under which it was 
obtained are given. The steam rates of reciprocating steam engines vary 
from about 12 lb. per b.hp.-hr. for large-capacity compound condensing 
engines to 45 or 50 lb. per b.hp.-hr. for small-capacity simple non- 
condensing engines. The steam rates of steam turbines vary from about 
7.5 lb. per b.hp.-hr. for large-capacity condensing turbines to over 50 lb. 
per b.hp.-hr. for small-capacity non-condensing turbines. 

608. The Commercial Rating Of Steam Prime Movers Is 
tJsually Based On The Power Output Somewhere Near The 
Most Efficient Load. — If the prime mover is direct connected 
to an electric generator, it is usually rated in the kilowatt 
output measured at the generator terminals. If the primc 3 
mover is not direct connected to an electric generator, it is 
ordinarily rated in brake horsepower measured at , the main 
shaft. Such ratings are usually contingent upon a certain 
speed in revolutions per minute, and upon certain initial and 
final steam conditions. Practically all steam prime movers 
are capable of carrying a load which is at least 25 per cent, 
greater than the full-load name-plate rating. Large turbines 
are rated at their maximum output. 

509. The principal auxiliaries with which steam power 
plants are frequently provided are: (1) Boiler -feeding apparatus 
{M, Fig. 421), Secs. 510 to 512. (2) Condensers {C, Fig. 421), 

Sec. 513 to 515. (3) Feed-water heaters (H, Fig. 421) Secs. 516 

to 522. (4) Superheaters, Sec. 523. (5) Artificial draft appara- 
tus, Sec. 524. (6) Flconomizers. (7) Air preheater. (8) Com- 

bustion equipment. The purpose of such auxiliaries (with 
the exception of the boiler-feeding apparatus) is to improve the 
economy of the plant. Whether or not the economy of the 
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plant will be improved by an auxiliary will depend upon 
the size of the plant and upon local conditions and must be 
determined for each individual plant. Refinements are no'o 
ordinarily justified in small plants. The remaizider of this 
division contains a brief description of the function and of the 
operation of the principal types of the more important steam- 
power-plant auxiliaries. For a detailed treatment of these 
devices, see the author's Steam Power Plant Auxiliaries and 
Accessories." 

510, The two principal types of boiler -feeding apparatus 

are ; (1) injectors. Sec, 511. (2) Pumps, Sec. 512. As the w’-ater 

in the boiler is evaporated into steam and as the steam is used 
by the prime mover, mox'e water must be fed to the boiler. 
Since the steam in the boiler is at a relatively high pressure 
(say, 60 to 1400 lb. per sq. in.), some device must be used to 
force the feed water into the boiler against this pressure. 
Sometimes the water is fed to the boiler by a gravity-operated 
trap; see the author's Steam Power Plant Auxiliaries and 
Accessories." In stationary steam powder plants, injectors are 
now seldom used even for stand-by service. They are used 
extensively in locomotive and portable boilers. Pumps are 
the most important boiler-feeding apparatus. 

511. An injector for feeding water to a boiler (Figs. 442 

and 443) has a thermal efficiency of about 99 per cent. That 
is, with the exception of about 1 per cent., all of the heat which 
is contained in the steam upon its admission to the injector 
is either expended in doing useful work, or is returned to the 
boiler as heat. From this it w^ould appear to be almost impos- 
sible to find a more efficient device for feeding the boiler. This 
is true for those steam power plants such as a locomotive where 
a feed-water heater is not provided. But the efficiency of an 
injector as a pumping unit alone is only about 1 or 2 per cent. 
A stationary steam power plant usually has sufficient exhaust 
steam from the engine, the condenser pumps or other auxil- 
iaries (Sec. 515) to heat the feed water, which steam, if not used 
for this purpose, would be wasted. Therefore, since an injector 
will not handle water at a temperature exceeding about 150° F., 
and since boiler feed water can be readily heated to about 
210° F. with exhaust steam, a for boiler feeding is 
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generally more economical than is an injector. Furthermore, 
under conditions of extreme variation in steam pressure, the 
operation of an injector is somewhat irregular and uncertain. 
However, due to simplicity, compactness, low first cost, and 



Fig. 442. — Complete Small-capacity steam power plant which uses only an injector for 

boiler feeding. 

low maintenance cost, the injector is applicable as a stand-by 
unit for boiler feeding. The principle of operation of an 
injector is explained below. 

Explanation. — In starting the injector, steam from the boiler is 
admitted to the injector at A, Fig. 443, and flows through nozzle C, 

tube L>j the opening O, and out to the 
atmosphere through the overflow G. 
Steam, issuing at high velocity from 
C, lowers the pressure and draws the 
air from the feed-water inlet Bj thus 
causing the water to rise therein until 
! steam issuing from C strikes the 
Fig. 443. Sectional view of ele- water. The steam, which is emerging 
illustra.tin=: the ori C at a high Velocity, condenses 

on meeting the water and imparts 
a considerable momentum to the water. The kinetic energy which 
is thus acquired by the mass of water is sufficient to carry it across 
the opening, O, to open the check valve, H, and to force it into the boiler 
against the boiler pressure. After the water starts to flow across the 
opening, O, the steam ceases tp escape from G. 
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512. The two types of boiler-feed pumps which are most 
frequently used are: (1) Piston pumps, Fig. 445. (2) Centrif- 

ugal pumps (Fig. 444). The principle of operation of each is 


Turbine 



Fig. 444. — Centrifugal boiler-feed pump driven by a non-condensing steam turbine. 

described below. Piston pumps are generally either direct- 
acting or power driven. In a direct-acting steam pump (Fig. 
445), the steam piston is directly connected to the water piston 
by the piston rod. The steam is usually admitted to the steam 



Fig. 445. — Section through a direct-acting duplex boiler-feed pump. 


cylinder throughout the entire stroke. In a power-driven 
piston pump the water piston is actuated through a crank 
mechanism which is ordinarily driven by a steam cylinder, an 
electric motor, an internal-combustion engine, or from a line 
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shaft. Centrifugal boiler-feed pumps (Fig. 444) are ordinarily 
driven by either an electric motor or by a steam turbine. The 
total capacity of the boiler-feed pump should be such that it 
will deliver water at a rate equal to the maximum evaporation 
of the boiler. 

Note. — The Tendency In Modern Practice In Boieer-peeding 
I s Toward The Use Of Centrifugae Pumps. Centrifugal pumps have 
no suction or discharge valves to wear and no piston to keep packed. 
Consequently, the decrease in the efficiency of a centrifugal pump due to 
wear in service is practically zero. The direct-acting piston pump is, 
probably, more reliable for continuity of service than is a centrifugal 
pump, whereas the overall efficiency of the centrifugal pump is generally 
higher than is that of the steam pump. 

Explanation. — The direct-acting piston pump for boieer feeding 
(Fig. 445) is usually of the duplex type. That is, two pumps, one of 



Fio. 446- — Cross section of a centrifugal pump. 


which is shown in Fig. 445, are mounted side by side and integral with 
each other. The steam valves of each are so actuated that when one 
of the pistons is in the stationary position at the end of its stroke, the 
other piston is moving. Thus, the discharge of water from a duplex 
pump is continuous. The operation of each unit of the pump is as 
follows: Steam is admitted throughout the entire stroke to first one side 
of the steam piston, P, and then the other. The steam is admitted to and 
exhausted from the cylinder by the operation of a D-slide valve in essen- 
tially the same manner as explained in Sec. 502 for the steam engine. 
The reciprocating motion thus imparted to the steam piston is trans- 
mitted to the water piston, W (Fig. 445). The suction valves, and 
discharge valves, Z), are so operated by the water pressure, which is 
caused by the moving of the water piston, that the water which is drawn 
into the water cylinder through the suction valves, on one stroke is 
forced out through the discharge valves, D, on the next stroke. 

Expeanation. — The operation of a centrifugal pump may be 
understood by referring to Pig. 446. The water is admitted to the pump 
around the shaft through the suction inlet, S, It is discharged at D. 
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The pump must first be “primed”; that is, the casing, C, must, in some 
way, be entirely filled with water. After the pump is primed, the impeller, 
R, is rotated, say, by an electric motor or a steam turbine, at a high speed 
in the direction indicated by the arrow. Rotation of the runner imparts 
high velocity to the water in the impeller. Owing to the centrifugal 
force which is thus set up by the rotation, the water moves into the casing 
where its velocity energy is converted into pressure. This water pressure 
causes the water in D to rise. As the water in D rises, the “suction” 
which is thus created within the casing causes more water to be drawn 
into the pump at S. Thus, the action is continuous in drawing water in 
at and forcing it out through JD. 



Fia. 447. — Surface condenser showing arrangement of condensate pump and cooling- 

water pump. 

513- The function of a steam-power-plant condenser (<7, 
Fig. 421) is to condense the exhaust from a steam engine or a 
steam turbine and thereby increase the economy of the plant. 
By exhausting the air from a suitably designed vessel — con- 
denser — which is connected to the exhaust of an engine or 
turbine, and then by entrapping the exhaust steam therein 
and cooling it, part of the steam will condense. If a vessel 
which contains only steam at atmospheric pressure and 212° F. 
is cooled to 60° F., the pressure within the vessel will be 
lowered from 14.7 to about 0.25 lb. per sq. in., abs. Although 
such a low pressure is seldom attained in practice, the use of a 
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condenser usually lowers the back pressure on an engine 
or turbine from about 17 to 18 lb. per sq. in., abs., to some- 
where around 0.5 to 2 lb. per sq. in., abs. Thus, by operating 
a steam engine or steam turbine condensing, less steam is 
required to develop a given amount of power than when oper- 
ating non-condensing. The saving in steam with condensing 
operation over that of non-condensing operation is ordinarily 
from about 20 to 30 per cent. With condensing operation 
maximum economy in overall cost of operation is provided 
when the condenser vacuum gage reading (the pressure in the 
condenser) is about as follows: (1) For reciprocating steam 
engines^ 26.5 in. of mercury. (2) For steam turbines ^ about 
29 in. of mercury. Steam-power-plant condensers are 
described briefly in the following sections. 

Note. — The theobeticae mohey savihg due to the installation* 
OE condensers may not always be realized, particularly in small 
plants and for small prime movers. This is because of the initial and 
maintenance expense of the condenser and of the auxiliaries which 
are necessary for its operation. Under certain conditions the expense of 
condenser operation may be greater than the saving effected by the 
condenser. Condensers are seldom economically justified in plants of 
capacities less than, say, 400 hp. 

514. The two principal types of condensers are: (1) The 
surface condenser, Tig. 447, wherein the exhaust steam and 
the cooling water are separated by the walls of metal tubes. 
(2) The jet condenser, Fig. 448, wherein the exhaust steam and 
the cooling water are mixed together. Jet condensers may 
be classified according to the method of removing water and 
air from the condenser, as : (a) Low-level jet condenser (Fig. 448) 
wherein the condensed steam, the cooling water, and the air 
are removed by pumps. (5) Siphon-jet condenser, sometimes 
called a barometric condenser (Fig. 297), wherein the condensed 
steam, the cooling water, and sometimes the air, are removed 
by a barometric column. (c) Ejector-jet condenser wherein 
the condensed steam, the cooling water, and the air are 
removed by the ejector effect of the cooling water. The oper- 
ation of a typical surface condenser and of a low-level jet 
condenser is explained below. Condensers of each of these 
types have applications for which they are best fitted. Where 
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the cooling water is “bad,” and hence cannot be permitted to 
mix with the boiler-feed water, the use of a surface condenser is 
usually imperative. Where cooling water is scarce or expen- 
sive, the same water may be used over and over again by 
cooling it in a cooling tower (Fig. 290) or in a cooling pond 
(Figs. 289 and 291). 

Explanation. — The operation of a surface condenser is as 
follows: The cooling water is pumped through the condenser tubes 
(Fig. 447) by the circulating pump, C. The exhaust steam from the 
engine or turbine enters the condenser at S, and comes in contact with the 
metal tubes which contain the cooling water. Since the temperature of 
the exhaust steam is higher than- that of the cooling water, heat flows 
from the steam through the metal walls of the tubes and into the water. 
The heat which is thus given up by the steam causes it to condense to 
water, which falls to the bottom of the condenser. The heat which is 
absorbed from the steam by the water is carried out of the condenser by 
the cooling water. The condensed steam, is removed by the pump, P, 
and air that leaks into the condenser is removed by the steam-operated 
ejector, A. 

Explanation. — The operation of a low-level jet condenser 
(Fig. 448) is as folio w’-s : The cooling water enters the condenser at A and 
is broken up into a fine spray by the nozzles, N. The exhaust steam from 
the engine or turbine enters the condenser at P, mixes with the cooling 
water spray and is condensed in the condensing chamber, C, The mix- 
ture of condensed steam and cooling water falls by gravity to the bottom, 
P, of the condenser from which it is removed by the centrifugal pump, P. 
In the particular condenser shown in Fig. 448, air is removed from the 
condenser by a stea^n-ejector, E. 

515. For successful operation of condensers, pumps must 
ordinarily be used (Fig. 447) to circulate the cooling water, 
to remove the condensed steam — condensate — from the con- 
denser, and to remove the air which is entrained with the 
exhaust steam and which leaks in at the fittings. The pumps 
which are used in conjunction with condensers are: (1) Circulat- 
ing pumps, C, Fig. 447, and P, Fig. 448, to supply the cooling 
water, or in the case of low-level jet condensers to remove the 
mixture of cooling water and condensate. (2) Dry-vacuum 
pumps, E (Fig. 448), for removing only the air from a surface 
or jet condenser. (3) Condensate pumps H (Fig. 447) for 
removing only the condensate from surface condensers. 
Piston pumps (vSec. 512) and centrifugal pumps are used as 
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circulating pumps and condensate pumps. Dry- vacuum 
pumps are of the piston type, steam-jet type, or hurling-water 
type. The trend of recent large capacity installations seems 
to be toward the use of electric-motor or steam-turbine driven 
centrifugal pumps for circulating and condensate pumps, with 
a steam-jet or hurling-water dry-vacuum pump. The power 
which is required to operate the condenser pumps varies from 
1 to 6 per cent, of that of the main prime mover, depending 
upon the type of apparatus and local conditions. 

516. The three main reasons why the boiler feed water 
should be heated before it is admitted to the boiler are: (1) 
The introduction of cold water — at a temperature of 60 or 70° F , — 
into the boiler is likely to strain the hot plates and the riveted 
joints^ thus causing the boiler to leak. (2) By heating the 
water before it enters the boiler, a large quantity of scale-forming 
impurities may be precipitated outside of the boiler and are thus 
prevented from entering the boiler. (3) A considerable quan- 
tity of heat may be returned to the boiler xohich would otherwise be 
lost in the exhaust steam or boiler chimney gases, thereby effect- 
ing a material decrease in the quantity of fuel necessary (Sec. 
484). Apparatus of various types for heating boiler feed 
water are described in the sections immediately following. 

517. The three principal sources of heat for preheating the 

boiler feed water are: (1) Exhaust steam, Sec. 518, (2) Bled 

steam. (3) Flue gases. A device (H, Fig. 421) in which the 
feed water is preheated by exhaust or bled steam is called a 
feed-water heater (Sec. 518). A device in which the feed water 
is heated by the flue gases is called Sifuel economizer (Sec. 521). 
Bled steam is steam extracted from intermediate stages of a 
turbine. 

518. The heat which is utilized in heating the feed water 
by an exhaust -steam feed-water heater is, principally, the 
latent heat of vaporization (Sec. 364) of the exhaust steam. 
That is, when the exhaust steam is condensed in the feed-water 
heater (Figs. 449 and 450) the latent heat of vaporization of 
the exhaust steam — about 970 B.t.u. per lb, of steam con- 
densed — is given up to the feed water. The maximum tem- 
perature to which the feed water is ordinarily heated in an 
open feed-water heater is about 210° F. Therefore, if the feed 
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Fig, 449. — Partial section of a deaerating, feed-water heater provided with water 
storage space. iCochrane Corp.) 


i niet Wafer oo+let 



Fig. 450. — Horizontal four-pass closed feed-water heater. 
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water is supplied to the heater at, say, 50° F. and is heated by 
it to 210° F., each pound of feed water absorbs: (210 — 50) = 
160 B,Lu, in passing through the heater. Consequently: 
(970 -V- 160) = approximately 6 Z6. of feed water will have its 
temperature raised from 50° F. to 210° F. by each pound of 
exhaust steam which is condensed- The weight of exhaust 
steam required to heat the feed water to this temperature is 
only from about 9 to 14 per cent, of the steam generated by 
the boiler. In high-pressure plants closed feed-water heaters 
are used to heat the water in some cases as high as 400°. 
Under these circumstances feed-water heating is done in from 
three to four stages. For non-condensing prime movers part 
of the exhaust steam from the engine or turbine and the boiler- 
feed pump may be used for feed-water heating. If the prime 
mover is operated condensing, the exhaust steam for feed- 
water heating is usually supplied by steam-driven auxiliaries 
such as the boiler-feed pumps (Sec. 512) and the condenser 
pumps (Sec. 515). When the prime mover is a condensing 
turbine and plant auxiliaries are motor driven, steam is bled 
from intermediate stages of the turbine for feed heating. 

519. The three principal classifications of feed-water 
heaters are: (1) Open heaters, Fig. 449, wherein the exhaust 
steam mixes with the cold feed water. (2) Closed heaters, 
wherein the exhaust steam and the cold feed water are sepa- 
rated by the walls of metal tubes. (3) Contact-type closed 
heaters, wherein the water and steam mix under pressure. 
A deaerating heater may be considered as a fourth type, but 
it is similar to an open heater except as to the method of 
venting. The operation of a heater of each type is briefly 
explained below. Open feed-water heaters should be used 
when possible because they are more efficient, can be designed 
to remove air, and are more easily cleaned than are closed 
heaters. However, a closed heater must be used under the 
following condition: When the steam pressure within the heater 
is much above or below atmospheric. 

Explanation. — Operation of the deaerating feed-water heater shown 
in Fig. 449 is as follows: Water flows through a valve controlled by the 
float B and enters the heater through the distribution header from 
which it sprays upward through incoming steam. It is heated almost 
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to steam temperature and rains down onto a stack of trough-shaped 
heating trays, over which it cascades downward in a thin film. The 
water then falls on slotted air-separating trays which break the tvater 
into drops as it falls from one tray to the next. The heating and air- 
separating trays are in a compartment separated from the heater shell. 
From just below the air separating trays, a connection is taken off to a 
vent condenser placed at the top of the heater. Non-condensable gas 
and some steam pass out through this connection to the vent condenser, 
where the steam is condensed and the air is vented off to the atmosphere. 
Condensate from the vent condenser flows back to the heater above the 
air-separating trays. 

Steam enters the heater at <7, flows to the top of the heater, and then 
flows downward through a perforated steam distributer to mix with the 
sprayed and cascading water. Heated water flows through a sealed 
pipe to the storage space at the bottom of the heater and is delivered from 
the bottom outlet, D, to the feed-pump suction. 

Explanation of the closed heater (Fig. 450) is as follows : Feed water 
to be heated enters the heater at A and flows through a bank of tubes to 
the rear water box where its flow is reversed so that it flows through 
another bank of tubes to the front water box. This water cycle is 
repeated so the water passes through four banks of tubes in the steam 
space of the heater. 

Steam enters the heater at B and fills the space surrounding the tubes. 
Water flowing in the tubes condenses the steam and in so doing is heated 
to within a few degrees of the temperature corresponding to the steam 
pressure. Steam condensate is removed at C, 

520. The saving in fuel which is effected by a feed-water 
heater may be computed by the following formula: 

(345) X = (decimal) 

Wherein: X — the proportion of fuel which is saved by using 
a feed-water heater, expressed as a decimal. = the tem- 
perature of the feed water, in degrees Fahrenheit, leaving the 
feed-water heater. Ti == the temperature of the feed water, 
in degrees Fahrenheit, entering the heater. H == the total 
heat above 32 ° F. in the steam, in British thermal units per 
pound, which is generated in the boiler; this value may be 
taken from a steam table. The saving in fuel as obtained 
by the above formula is, for an exhaust-steam feed-water 
heater, practically all a net gain. A feed-water heater will 
l^rove economical in all steam power plants (except, possibly, 
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where fuel is extremely cheap) and will much more than 
justify its cost. 

Example. — The temperature of the feed water which is being supplied 
to a boiler is 60° F. The boiler generates dry saturated steam at a pres- 
sure of 150 lb, per sq. in. gage. What will be the saving in fuel if a 
feed-water heater is installed which heats the feed water to a tempera- 
ture of 210° F.? SoLXjTioisr, — From the steam table (Table 394), the 
total heat of 1 lb. of dry saturated steam, at a pressure of 150 lb. per sq. in. 
gcige — 1,195 B.t.u. By For: (345) the saving^ X = {Ti — Tf)/[TS. — 
{Tv - 32)] = (210 — 60) -- [1,195 — (60 — 32)] = 150 ^ 1,167 = 0.128 
or 12.8 per cent. 

621. Multi-stage Feed Heating. — Considerable improve- 
ment in thermal economy may be obtained by heating the feed 
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Fig. 451. — Turbines arranged for one-, two-, and three-stage water heating. 


water in several stages instead of one. This is usually accom- 
plished by exhausting steam from one, two, or three stages ol 
the turbine and using it in closed or open heaters through 
which the feed water passes in series. This is called regenera- 
tive heating and can be used to heat, not only feed water, but 
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also water for manufacturing process. The increase in power 
developed from the steam used for regenerative heating of 
feed water is shown by the comparison of one-, two-, and 
three-stage feed heating illustrated in Tig. 451. Data for 
these cycles are given in Table 522. 

ISTote. — If the temperature of a quantity of water is to be raised from 
60 to 160® F., it is common to use exhaust steam at 20 lb. per sq. in. abs. 
With a suitable heater it would be possible to heat the water with 
atmospheric exhaust and produce more power. By running at 7 lb. per 
sq. in. abs. exhaust pressure, about 43 per cent, more power could be 
developed, which is about the limit with one stage of heating. The 
second method, Fig, 451, shows two stages of heating in which half the 
steam does work in the turbine to 7 lb. abs. and the other half down to 
2 Ib. abs. pressure. The power produced by the turbine will be about 
67 per cent, greater than is produced by an equally efficient turbine 
exhausting against a 20 lb. abs. back pressure. In the third arrangement 
three stages of feed heating increased the output of power 73 per cent. 
In all three cases initial steam pressure is 150 lb., no superheat, the 
quantity of water heated is 500 g.p.m. and turbine efficiency is taken at 
60 per cent. 


622. Turbine Output with One-, Two- and Three-stage 
Water Heating. 
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523. An economizer consists of a number of plain or finned 
tubes through which feed water circulates before entering the 
boiler. The tubes are placed in the flue-gas path Just after it 
leaves the boiler. Most economizers employ steel tubes, 
which may be either bent or straight. Tn bent-tube types the 
tubes are rolled into top and bottom drums much as in a two- 


Feed-worter Flue Gas 

,OuHef 



drum bent-tube boiler. Straight tube economizers may be 
arranged as in Fig. 452 with return bends at each end of the 
tube. Each bank of tubes is connected into a common inlet 
header at the bottom and an outlet header at the top. When 
the products of combustion — the flue gas — leave the boiler, 
they are ordinarily at a temperature of from 450 to 700° F. 
By passing the flue gas over the tubes of an economizer the 
gas temperature may be reduced to between 225 to 440° F. 
This reduction in temperature is caused by a portion of the 
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heat in the flue gas being transferred to the feed water in the 
economizer. The average temperature of the feed water 
entering the economizer varies in different installations from 
about 200 to 300"^ F.; that at the exit varies from 250 to 
500"^ F., depending upon the amount of surface in the econo- 
mizer. In some installations sufficient economizer surface is 
installed to cause the water in the economizer to steam. 
Twenty per cent, of the total steam may be generated in the 
economizer. Thus it is evident that the use of a fuel econo- 
mizer results in the saving of a portion of the heat ordinarily 
lost in the flue gas. Economizers are usually connected in 
series with exhaust- or bled-steam feed-water heaters. The 
feed water is first heated in the feed-water heater, after which 
it is passed through the economizer wherein its temperature 
is still further increased. 

524. The theoretical saving in fuel, obtained by using 
an economizer, may be computed by using For. 345, Sec. 520, 
and substituting for Ti and T 2 , respectively, the entering and 
leaving temperatures of the water in degrees Fahrenheit. 
For every 10 to 11° F. increase in feed-water temperature 
obtained by decreasing flue-gas temperature, there results 
an increase of about 1 per cent, in boiler efficiency. For a 
given boiler surface the economizer will increase steam- 
generating capacity, or for a required evaporation an econo- 
mizer will decrease the necessary boiler surface. Economizer 
surface costs less than boiler surface; hence the tendency in 
high-pressure boilers is to decrease boiler surface to a minimum 
and install large economizers. For equal increments in 
efficiency the economizer is more costly than an air preheater, 
hence its installation is difficult to justify on an economic basis 
for plants operating at pressures less than about 400 lb. pres- 
sure. The actual saving effected by the economizer will be 
less than the value obtained from For. 345 because of the 
power required to drive induced-draft fans needed to carry off 
the flue gas. Because of the additional friction offered by the 
economizer and the decrease in total draft available from a 
chimney due to the lower flue gas temperature, it is practically 
impossible to operate on natural draft when an economizer is 
used and an induced-draft fan becomes a necessity. 
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525, Air preheaters, as do the economizer, save heat that 
would otherwise be lost up the chimney. They are placed in 
the flue-gas path after the economizer, if one is used; otherwise, 
after the boiler. The flue gas is used to heat the air required to 
support combustion. Roughly, for every 35 to 40° F. drop in 
flue gas temperature caused by heating the air for combustion, 
there is a gain of 1 per cent, in efficiency. In addition pre- 
heated air improves combustion conditions. But, as with the 


Gas outlet 



Soot gate 

Fig. 453. — Tubular-type air preheater. 


economizer, air preheaters require installation of induced- 
draft fans, and in addition forced-draft fans are also required . 
Air preheaters usually heat the air to not above about 350° F. 
when the boiler is stoker fired. When pulverized coal is used 
the air temperatures may be higher. Flue-gas temperature 
must not be reduced below the dew point to avoid serious 
corrosion difficulties. There are three types of air preheaters: 
plate, tubular and regenerative. Figure 453 shows a tubular 
type which consists of a large numbw of tubes rolled into 
top and bottom tube sheets. The tube bank is housed in a 
suitable casing. The gas flows through the tubes, and the air 
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the 'prime mover is reduced. (2) There is less heat loss hath in 
the piping and 'within the prime mover. 


Note. — The steam rate op a steam prime mover is decreased 
BY STTPERHEATHSTG THE STEAM, but the decrease is not, ordinarily, so 
great for a steam turbine as it is for a steam engine. The decrease in 
the steam rate is, for a steam engine about 1 per cent, for every 6° F. 
of superheat, and for a steam turbine about 1 per cent, for every 10° F. 
of superheat. But, since the steam rate is not necessarily indicative of 
the overall economy (Sec. 529) of the plant, the actual monetary saving 
which is effected by using superheated steam must be determined for 
every installation. The actual saving depends upon so many variable 
factors that no general rule covering it can be given. However, in 
general, the use of superheated steam will, for large installations, result 
in a considerable saving as compared to the use of saturated steam. 
Superheating saves fuel by minimizing the condensation of the steam in 
the piping and the heat engines. Condensed steam represents, in general, 
a non-recoverable heat loss and furthermore it causes friction losses in 
the piping and heat engines. 




’Steam Supptif Grarte.^ 


1 

/vjh Pi-t 


Fig. 455. — Steam-jet forced draft. 




527, Artificial draft apparatus is any apparatus for increas- 
ing the amount of air for combustion which flows through the 
furnace above that which is produced by the chimney. If 
chimneys were all built suJB&ciently large and high, artificial 
draft would never be needed. However, the building of suffi- 
ciently-large chimneys would 
frequently entail a prohibitive 
intial cost. Consequently, 
some sort of artificial draft 
apparatus (Sec. 528) will prob- 
ably prove economical under 
the following conditions: (1) 

When the temperature of the 
chimne'y gases is lo'iVj as when an economizer and air preheater are 
used. (2) When the boilers are to he worked greatly in excess of 
their normal rating. (3) When fuels which require intense draft 
pressure are used. (4) When certain kinds of stokers, such as 
the underfeed, are used. (5) Where balanced draft (Sec. 528) is 
desired. Practically all artificial draft is used in conjunction 
with the natural draft provided by the chimney. 

528. The apparatus used in the production of artificial draft 
is, usually, either: (1) A steam jet, wherein the draft pressure is 
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produced by a jet of live steam issuing from an orifice] (2) A 
fan or blower. The fan or blower is usually driven by an 
electric motor or a steam turbine. When artificial draft is 
produced by a fan or blower it is called mechanical draft. 
There are three kinds of artificial draft: (1) Forced draft, 



Fio. 466.— steam-jet induced draft. Fig. 457.— Mechanical forced draft. 


Figs. 455 and 457, wherein the ash pit is made tight, and the 
blower supplies air to it at a pressure above atmospheric. 
(2) Induced draft (Fig. 458) wherein the apparatus draws 
the fmnace gas from the furnace outlet and forces it up the 
ch imn ey. Thus, with induced draft the pressure within the 



furnace is ordinarily below atmospheric. (3) Balanced draft, 
which is a combination of forced and induced draft, which is 
ordinarily so arranged that the pressure within the furnace is 
automatically maintained at practically atmospheric or just 
a little below atmospheric. 
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Note. — The advantages and disadvantages op the three hinds 
OP ARTIFICIAL DRAFT which are mentioned above may be briefly stated 
as follows: (1) With forced draft, the low pressure within the furnace 
tends to prevent the leakage (Sec. 493) of cold air inward through the 
setting. However, this pressure within the furnace may force some of 
the furnace gas out through the fire doors or other openings and thus 
contaminate the air of the boiler room with the pungent furnace gas. 
(2) With induced draft, any tendency for the leakage of air into the fur- 
nace through cracks in the setting is augmented, because the pressure 
within the furnace is less than that of the air on the outside. But this 
reduced pressure within the furnace tends to prevent the furnace gas 
from escaping into the boiler room. (3) With balanced draft, there is 
neither a tendency for the air to leak through the boiler setting nor for 
the furnace gas to escape into the boiler room. The fixe is not affected 
by opening the furnace doors for fixing the fixe. Very finely-divided 
fuel can be burned. High rates of combustion can be realized without 
any appreciable detriment to the economy. Balanced draft, however, 
ordinarily requires both forced- and induced-draft fans. 

529. There are several methods of expressing the overall 
efficiency of an entire steam power plant, among which are: 
(1) The number of pounds of fuel required per unit of energy 
output. This method of expressing the efficiency is, unless 
the heat content of the fuel is known, rather indefinite. (2) 
The quantity of heat energy, in British thermal units {in the 
fuel), which is required to produce one unit of energy output. (3) 
The percentage ratio of the energy output to the heat input in 
the fuel. In each of the above methods of expressing the effi- 
ciency, the energy output may be measured in kilowatt-hours 
at the generator terminals, or in horsepower-hours measured 
either at the shaft of the prime mover (Sec. 507), or within 
the engine cylinder (Sec. 504). Whatever method is used, 
there should always be included a statement as to where the 
energy output was measured. The method of computing each 
of the above efficiencies is explained in the following notes. 
The overall efficiency may be useful for comparing the opera- 
tion of two or more power plants, or for comparing the opera- 
tion of one power plant during difierent periods, such as the 
performance of different shifts. However, if the thermal 
efficiency of a plant is, say 10 per cent, the question immedi- 
ately arises as to what happened to the other 90 per cent, of the 
heat. The destination of the other 90 per cent, may be deter- 
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mined by making a complete test of the plant, and then tabu- 
lating the results of the test into a ^^heat balance (Sec. 530). 

Note. — To determine the overall effjcienctt of a steam power 

PLANT IN TERMS OP THE NUMBER OP POUNDS OF FUEL REQUIRED PER UNIT 
OF ENERGY OUTPUT, it is necessaiy to weigh, the fuel consumed during a 
given period and to measure the energy output for the same period. 
Then, the overall efficiency of the plant during that period may be com- 
puted by the following formula: 

(346) == (pounds per energy unit) 

Wherein: Wy = the total weight, in pounds, of the fuel consumed during 
the given period, e = the total energy output, in kilowatt-hours or 
in horsepower-hours, during the given period. Then W = the number of 
pounds of fuel consumed per kilowatt-hour, per brake horsepower-hour 
or per indicated horsepower-hour, as e is expressed in kilowatt-hours, 
brake horsepower-hours, or indicated horsepower-hours. 

Note. — The overall efficiency op a steam power plant, 

EXPRESSED in TERMS OF THE NUMBER OF BRITISH THERMAL UNITS SUPPLIED 
AS FUEL PER UNIT OF ENERGY OUTPUT, may be determined by the follow- 
ing formula : 

(347) (B.t.u. per energy unit) 

Wherein: W — the number of pounds of fuel consumed per unit of energy 
output as determined by For. (346). H = heating value, in British 
thermal units per pound, of the fuel (Sec. 452). Then Q = the heat, in 
British thermal units, which must be supplied as fuel to produce one 
unit of energy output in which e of For. (346) was expressed. Thus, Q 
may be expressed as the number of British thermal units per kilowatt- 
hour or per horsepower-hour measured either at the prime mover shaft 
(per brake horsepower-hour) or in the engine cylinder (per indicated 
horsepower-hour) . 

Note. — The overall thermal efficiency, which is the ratio of the 
heat equivalent of the mechanical or electrical energy output to the heat 
input as fuel, may be computed as follows: 

If the energy output is measured in kilowatt-hours at the generator ter- 
minals, use the following formula: 

(348) (decimal) 

\iG 

Wherein: Eg ~ the overall engine and generator efficiency referred to 
the kilowatts developed by the generator, expressed decimally. Qo = 
the heat in British thermal units in the fuel required to produce 1 kw.-hr. 
at the generator terminals as determined by For. (347). 
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// the energy output is measured in horsepower-hours within the engine 
cylinder f use the following formula: 

(349) (decimal) 

Wherein: Er = the actual thermal efficiency, expressed decimally, 
referred to the indicated horsepower (the energy output is measured 
within the engine cylinder). Qt — the heat in British thermal units per 
indicated horsepower-hour as determined by For. (347). 

If the energy output is measured in horsepower-hours at the prime mover 
shaft, use the following formula: 

(350) ^ (decimal) 

Wherein: Es = the overall engine eflSciency, expressed decimally, 
referred to the brake horsepower (energy output measured at prime 



Fig. 459. — Graphical representation of the steam-power-plant heat balance which is 

tabulated in Table 528. 

mover shaft). Qe = the heat, in British thermal units per brake horse- 
power-hour, as determined by For. (347). 

Example!. — In a test of a steam power plant for a given period of time 
the total energy developed was 9,000 kw.-hr. During the same period 
27,600 lb. of coal was fired. The heating value of the coal as fired was 
12,800 B.t.u. per lb. How many pounds of coal and what quantity of 
heat were consumed p©r kilowatt-hour? 'Wliat was the overall engine 
and generator efficiency referred to the generator output? Solution. 
By For. (346), the coal consumption, W ~ Wt/& — 27,600 -5- 9,000 == 
3-06 Tb. per kw.-hr. By For. (347), the heat supplied in the fuel, Q{? 







H X W = 3.06 X 12,800 = 39,168 B.t.u. per kw,-hr. By For. (348), the 
overall engine and generator efficiency referred to the kilowatt output of the 
generator, E<? = 3,412/Qc? = 3,412 -4- 39,168 = 0.087,1 or 8.71 per cent. 

530. The ‘‘heat balance^^ of an entire steam power plant 

consists of a quantitative tabulation of values obtained by 
test and calculation of the distribution or destination of the 
heat which is contained in the fuel as fired. Table 531 shows 
an example of a heat balance of a steam power plant which 
is tabulated in accordance with the S. M. E. Test Code, 
1915-’^ It is called a '^balance’^ because in it the sum of all of 
the British thermal units consumed — usefully or wastefully — 


Lost As Heaf In 6arses hi Zihcfer Loss 6 % 
Useof By Auxiliary Apparatus ^ Unbumed Gas 

Water sLi:^ 
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Ashpan Loss A %' Useful Work At Brayybar 6%' ''Friction Loss / % 

Fig. 461. — Illustrating the destination of the heat content of the fuel which is fired in a 

steam locomotive. 


must equal the British thermal units supplied; that is, these 
amounts must balance. The various destinations of the heat 
which was contained in the 1 lb. of coal of Table 531 is shown 
graphically in Fig. 459. A pictorial representation of a heat 
balance of a simple stationary plant is showm in Fig. 460, and 
that for a locomotive engine is shown in Fig. 461. By making 
a complete test of a steam power plant, and then by arranging 
the data obtained therefrom into a “heat-balance’^ (Table 
531), information is available whereby the operator may be 
guided in improving the overall economy of the plant by 
decreasing certain of the heat losses. 

531- Table Showing An Example of A Heat Balance Of A 
Steam Power Plant. — (In accordance with “A. S. M. E. 
Power Plant Test Code, 1915.”) See Div. 14 for explanation 
of various items under “Boiler Losses.” 



510 


PRACTICAL HEAT 


[Div. 15 


Items 

B.t.u. Per 
Lb. Coal 
As Fired 

Per Cent. 

1. Heat Units In Coail. 

13,500 

100.0 

2. Boilek Losses 



(a) Loss due to evaporation of moisture in coal 

S38 

2.5 

(6) Loss due to heat carried away by steam formed by 

1, the burning of hydrogen 

270 

2.0 

(c) Loss due to heat carried away in the dry flue gases . . . 

2, 106 

15.6 

id) Loss due to carbon monoxide 

67 

0.5 

(e) Loss due to combustible in ash and refuse 

405 

3.0 

if) Loss due to heating moisture in air 

27 

0.2 

ip) Loss due to unconsumed hydrogen and hydrocar- 
! bons, to radiation, and unaccounted for 

257 

1.9 

(A) Heat supplied steam-driven appliances for operating 
boilers less that recovered by heating feed water. . . 

13 

0-1 

(i) TotaIi BomEB Losses 

3,483 

25.8 

3. ENransTB CoNrstjMPTioNr 

(a) Hadiation from steam pipe. 

67 

0.5 

(6) Hadiation from engine or tiirbine 

13 

0.1 

Cc) Heat rejected to condenser 

7, 155 

53.0 

(d) Heat withdrawn from engine receivers or turbine 
stages for other use than heating feed water 

0 

0.0 

ie) Heat lost by leakage of steam piping 

95 

0.7 

if) Heat converted into work 

2, 187 

16.2 

4. Heat In Steam Suppeied Fob Purposes Foreign to 
engine or turbine 

500 

3.7 

Tot AES (same as Item 1) ! 

13,500 

100.0 


QUESTIONS ON DIVISION 15 

1. What is the function of a steam power plant? Explain, briefly how this function 
is performed. 

2. Name the essential parts of a steam power plant, 

3. Describe fully the function of: (a) The boiler furnace. (6) The combustion cham- 
ber. (c) The boiler. (d) The steam piping. (e) The prime mover. 

4. Name the principal types of boiler furnaces, 

5- How may boilers be classified.? What is a fire-tube boiler? A water-tube boiler? 

6. Name three principal types of fire-tube boilers. 

7. What is an externally-fired boiler? An internally- fired boiler? 

8- Name the general applications for which boilers of the different types are partiexi- 
larly well adapted. 

9. How is the efficiency of a boiler and furnace determined? 

10. Explain what is meant by a boiler horsepower. How are boilers rated by the 
manuf actur ers ? 

11. What two kinds of prime movers are generally used in a steam power plant? 

12. Describe with sketch the operation of a simple D-slide-valve steam engine. 

13. Draw a typical indicator diagram, and indicate thereon the location of; (a) The 
point of cut-off. (5) The point of release. (c) The admission line. id) The expansion 
line. (e) The exhaust line. (/) The compression line. ip) The atmospheric line. 
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14. How can the power which is developed in the engine cylinder be determined? 

15. What is meant by indicated horsepower? 

16. What are the principal applications of steam turbines? 

17. Name the two principal types of steam turbines. 

18. Explain briefly how the heat energy in the steam is converted into mechanical 
work by an impulse turbine. By a reaction turbine. 

19. Give the formula for computing the thermal brake effiiciency of a steam prime 
mover. 

20. How are steam prime movers rated? 

21. Define steam rate. When is the water rate of a prime mover indicative of its 
efflcien cy? 

22. Name the principal auxiliaries which are frequently used in steam power plants. 
In general, what is the purpose of the auxiliaries? 

23. What are the two principal types of boiler-feeding apparatus? 

24. Explain the operation of a simple injector, W^hat are some of the advantages and 
disadvantages of an injector for boiler-feeding? 

25. What two types of pumps are generally used for boiler-feeding? Explain the 
operation of each. 

26. Why is a centrifugal pump preferable to a piston pump for boiler-feeding? 

27. What is the function of a condenser? Explain how it performs this function. 
What is the percentage of saving in steam which a condenser may be expected to provide? 

28. Name the two principal types of condensers. Explain briefly how each operates. 

29. Describe briefly the operation of each of the principal types of jet condensers. 

30. For what purposes are pumps used in conjunction with the operation of conden- 
sers? What types of pumps are generally used for these purposes? 

31. State three reasons why the boiler feed water should be heated before it is admitted 
to the boiler. 

32. What are the two principal sources of heat which are utilized in preheating the 
boiler feed water? 

33. Explain how 1 lb. of exhaiist steam at atmospheric pressure will raise the tempera- 
ture of about 6 lb. of feed water from about 50° F. to 210° F. 

34. What are the two principal types of feed-water heaters? Explain brieflj^ the opera- 
tion of a feed-water heater of each type. Which type is preferable? Under what 
conditions must a closed heater be used? 

35. Show how to compute the saving in fuel which may be effected by a feed-water 
heater. 

36. What is a fuel economizer? Explain its operation. 

37. Explain why the actual saving which is effected by a fuel economizer is less than 
the theoretical saving. 

38. Under what conditions may the installation of a fuel economizer actually decrease 
the economy? Under what conditions may it increase the economy? 

39. What is an air preheater? Name three different types. 

40. What limits the temperature to which the air may be heated and the flue gas 
cooled? 

41. What is a superheater? Where may a superheater be located? 

42. Give the principal reasons why the use of a superheater increases the economy 
of the plant. 

43. What is artificial draft? 

44. Under what conditions may artificial draft prove economical? 

46. What are the two different kinds of apparatus which are used to produce artificial 
draft? Explain the meaning of the following terms: (a) Forced draft. (b) Ividuced 
draft. (c) Balanced draft. 

46. State the advantages and disadvantages of forced draft, induced draft, and bal- 
anced draft. 

47. Give three methods of expressing the overall efficiency of an entire steam powder 
plant. In what manner may the overall efficiency of a plant be useful? 

48. Explain how each of the three methods (Question 45) of expressing the overall 
efficiency may be determined. 
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49 . What is a heat hcdance? 

50 . ECow may the heat balance be used in increasing the overall efficiency of a jiower 
plant? 


PROBLEMS ON DIVISION 16 

1 . If a boiler absorbs 8,000 B.t.n. for each pound of fuel fired, what is the boiler and 
furnace efficiency if a calorimeter test of the coal as fired shows that the heating value 
is 11,450 B.t.u. per lb.? 

2 . During a lO-hr. test of a steam power plant 5,350 lb. of coal was consumed, which 
had a heating value of 13,300 B.t.u. per lb. During the same period 55,120 lb. of dry 
saturated steam at a pressure of 150 lb. per sq. in., gage, was formed. The temperature 
of the boiler feed water was 210° F. What was the boiler, grate, and furnace efficiency? 

3 . During the test of Prob. 2, the double-acting simple Corliss engine was running at 
a speed of 200 r.p.m. The average mean effective pressure for the head-end and crank- 
end of the cylinder was 59.0 lb. per sq. in. The diameter of the piston was 16 in. the 
length of stroke was 22 in. The diameter of the piston rod was 2 in. What was the 
average indicated horsepower which was developed during the test? 

4 . Due to leakage, condensation, and steam consumption of the auxiliaries, the engine 
of Prob. 3 consumed only 94 per cent, of the steam which was generated by the boiler in 
Prob. 2, If the steam at the engine throttle was dry saturated at a pressure of 145 lb. 
per sq. in. gage, and the temperature of the exhaust was 220° F,, what was the thermal 
brake efficiency if 90 per cent, of the power developed within the engine cylinder is 
delivered at the shaft? 

6. What was the steam rate per indicated horsepower-hour of the engine in Prob. 3? 

6. The feed water for the power plant of Prob. 2, which was at a temperature of 70° F., 
was heated in an open feed-water heater to 210° F. by exhaust steam from the main 
engine. What saving in fuel was effected by thus heating the feed water? 

7 . What was the overall efficiency of the power plant of Prob. 2 and 3 referred to the 
indicated horsepower expressed in pounds of coal per indicated horsepower-hour, and 
in British thermal units per indicated horsepower-hour? What is the actual thermal 
efficiency? 

8 . If the scale of the spring which was used in taking the indicator diagram of Fig. 437 
had been 50, what would have been the value of the mean effective pressure? 
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532. In the internal-combustion-engine power plant the fuel 
is burned within the engine cylinder. A part of the heat 
which is thus liberated within the engine cylinder is utilized 
in doing work on the piston. The products of combustion 
(Sec. 463) are the working medium. In the steam-engine 
power plants the fuel is burned in a furnace. A part of the 
heat which is liberated by the combustion of the fuel in the 
boiler furnace is utilized in evaporating water to steam. 
The steam, which is the working medium, is then piped to 
the engine, whereupon a part of the heat energy in the steam is 
utilized in doing useful work. The use of an internal-combus- 
tion-engine power plant eliminates the radiation and other 
losses of the boiler and piping in a steam power plant. Conse- 
quently, the thought arises that an internal-combustion-engine 
plant should, theoretically, be the more efficient of the two. 
This is true, although, as explained in Sec. 550, the higher 
theoretical efficiency of the internal-combustion-engine plant 
is not wholly due to the reason stated above. 

Note. — The subject op iNTERNi^u-coMBusTioN-BNomE power 

PLAKTS IS TREATED IN THIS DIVISION IN THE FOLLOWING ORDER: 

( 1 ) Fuels used. ( 2 ) Methods of mixing fuel with the air for combustion. 
( 3 ) Methods of ignition. ( 4 ) Methods of governing. ( 5 ) Explanation of 
the operation of a two-stroke and a four-stroke cycle engine. ( 6 ) Classifica- 
tion of internal combustion engines according to compressioji pressure. 
( 7 ) Description of various types of engines. ( 8 ) Testing and efficiencies, 
( 9 ) Costs and ratings. 

533. An Internal-combustion Engine is an engine wherein 
the combustion of the fuel (Sec. 461) occurs within the cylinder 
of the engine. Air required for combustion (Sec. 464) may be 
mixed with the fuel before admission to the cylinder (Sec. 537 ), 
or the mixing may be effected within the cylinder (Sec. 538 ). 
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An amount of air in excess of that theoretically required for 
combustion is always necessary. 

ExpLAN-ATioisr. — ^The mixture of fuel and air is ignited within the 
engine cylinder, usually after it has been compressed into a small volume 
at high pressure. Upon ignition, combustion ordinarily occurs with such 
rapidity that it may be considered an explosion. Thus, a large amount 
of energy is almost instantaneously transformed from chemical energy 
to heat energy. The heat energy which is liberated thereby, raises the 
temperature and pressure of the gaseous products of combustion. These 
gases, then being at an extremely high temperature, exert high pressure 
on^he piston head. This pressure on the piston, which is connected to 
the crank shaft through the connecting rod, causes the crankshaft to 
rotate. By suitable gears, belts, or other transmission devices, this 
rotation of the crankshaft may be utilized to drive machinery, and so do 
useful work. Thus, hy means of the internal-combustion engine^ the 
chemical energy of the fuel is transformed into heat energy, which is utilized 
in doing useful work- 

634. The different kinds of fuels used in internal -combus- 
tion engines are: (1) Gaseous fuel, either natural gas or some 
kind of artificial gas such as producer gas, blast-furnace gas, or 
illuminating gas. Inasmuch as the artificial gases usually 
originate from a solid fuel (Sec. 448) the statement may be 
made, if considered in the broadest sense, that solid fuel may 
be used for operating internal-combustion engines. An engine 
using pulverized coal as fuel has been developed, but a solid 
fuel must ordinarily be reduced to the gaseous state before it 
can be effectively utilized in an internal-combustion engine. 
(2) Liquid fuel, such as gasoline, kerosene, or fuel oil. What- 
ever kind of fuel (Div. 13) is used, the principles involved (see 
Sec. 533) in transforming the chemical energy of the fuel to 
heat energy, and then utilizing the heat energy in doing useful 
work, are essentially the same. However, the details of design 
of the engine, as shown hereinafter, are, in a measure, deter- 
mined by the kind of fuel that is to be used. 

636, Before Combustion Of A Fuel Can Occur, The Fuel 
Must Be Mixed With Air. — To mix the fuel with air for effec- 
tive utilization in an internal-combustion engine, the fuel must 
first be in a gaseous state, or in a state of finely divided liquid. 
If there is too much air — lean mixture — or if there is insuffi- 
cient air — rich mixture — the efficiency of the engine will be 
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decreased. The best proportions of air to fuel must be deter- 
mined by experiment for each individual case. In any event, 
the quantity of air required is greater than that (Sec. 472) 
theoretically necessary for combustion. Various methods of 
gasifying the fuels (Sec. 536) 
and mixing with air are described 
in the following sections. 

536, Mixing of air with a 
gaseous fuel such as natural gas 
or artificial gas is a very simple 
matter. The air and the gas, in 
the proper proportions, are 
merely admitted (Fig. 462) to 
the cylinder, C, through the in- 
let valve, V. While passing through the valve, V, the mix- 
ing is effected. One method of obtaining artificial gas is 
described below. 

jSToTE. — An npDRAPT suction producek-gas power plant is illus- 
trated in Fig. 463- The coal is fed into the top of the generator, G. Air 
which was heated in the preheater, P, enters the generator at its bottom. 
When this air comes in contact with the lower paii of the fuel bed, carbon 
dioxide (Sec. 465) is formed. The burning of the coal to carbon dioxide 
supplies sufficient heat to keep the process going. As the carbon dioxide 
rises through the fuel bed it is reduced to carbon monoxide, which is, 
ordinarily, the principal combustible constituent of producer gas. Some 
times water is admitted to the generator, which, when contacting with 
the carbon at temperatui-es above 1,600° F. forms hydrogen gas and 
carbon monoxide (H 2 O -{- C = H 2 -h CO). This water, supplied in fche 
form of steam, also tends to prevent clinkering. The gases formed in 
the generator, G, pass into the preheater, P. They give up a part of their 
heat in preheating the air which is supplied to G. 

From the preheater, the gases pass through the boiler, P, where the 
steam admitted to the generator is formed. Fi*om P, they are piped to 
the scrubber, S, which contains wet coke. As the gases pass through the 
scrubber, the dust, ammonia, and tarry volatile substances are removed. 
A storage tank or receiver, P, receives the gases as they come from the 
scrubber. The purpose of the receiver, P, is to prevent a sudden rush of 
gas through the apparatus when the gas engine, E, is sucking a charge, and 
a sudden halting of the gas flow after the admission valve is closed- The 
producer gas is drawn from R into the engine, P, thei’e mixed with air, 
and burned. The heat thus given up drives the engine (Sec. 533). The 
burned gases are exhausted into the atmosphere through the engine 



Fig. 462. — Showing method of mixing 
fuel and air in a gas engine- 
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exhaust- A heat-balance chart for a producer-gas power plant is shown 
in Fig. 464. 

537. Mixing Of Air With. A Light -liquid Fuel, Such As Gaso- 
line Or Kerosene, Is Usually Effected By A Carburetor (Figs. 

, 'S0,5±u. Piping 0,7Z% 


Fig. 464. — Heat-balance diagram of a typical producer-gas power plant. The 
percentage values are given in terms of the total heat energy liberated by the combus- 
tion of 1 lb. of coal. 

465 and 466). — A simplified gasoline carburetor for a portable 
engine is shown in Fig. 465. It consists of a bowl, D, in which 
the gasoline is maintained at 
a constant level by a jioat feed- 
valve. This float feed- valve 
consists of a cork ring, A, which 
operates the valve, B, through 
the levers, C. From bowl, D, 
wherein the gasoline level is 
thus maintained practically 
constant, the gasoline flows 
through a small nozzle, Gj 
around a needle valve stem. 

By varying the opening of this 
needle valve, the quantity of 465. — a simple gasoline carburetor, 

gasoline flowing through it may 

be varied. The needle-valve opening in the nozzle, G, is 
placed in a restricted passage in the air inlet, I. 

Explanation. — D aring the jidnufSHioii or suction stroke of tlie piston, 
an air charge is drawn through this restricted passage where it attains a 
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538 . The mixing of air with a heavy-liquid fuel, frequently 
called fuel oil is usually ejffected within the engine cylinder. 
Usually, on the suction stroke of an oiUburning engine (Sec. 
550) only pure air is drawn into 
the cylinder. Then at the proper 
instant during the compression 
stroke, the fuel oil is sprayed 
into the cylinder through a 
properly designed fuel valve (Fig. 

467) which is usually mounted in 
the cylinder head; see Fig. 482. 

The fuel valve is provided with a 
device called an atomizer {B, Fig. 

467), the function of which is to 
break up the liquid fuel into small 
droplets so that intimate contact 
(Sec. 535) between the fuel and 
air will be provided. If the oil 
charge is separated into many 
minute particles, a greater surface 
area of oil is presented to the air. 

This results in rapid combustion. 

The operation of a fuel valve of 
the closed type is described in the fig. 467. — Simple fuel-injection valve 
note below. high-pressure oil engine. 

Note. — The basic prustcible oe a fuel iN-JECTioisr valve for high- 
pressure OIL-BURNING ENGINES is illustrated in Fig. 467. Fuel oil and 
air are pumped under high pressure (about 900 lb. per sq. in.) into the 
valve through channels A and C, respectively. At the proper instant 
during the cycle, the needle valve, Z), is lifted from its valve seat by means 
of a cam-actuated rocker. The high-pressure air carrying the oil charge 
with its rushes through the atomizer, B, and into the cylinder. The 
atomizer which is shown in Fig. 467 consists of three perforated discs. As 
the oil is forced through the tortuous passages in the atomizer discs, it is 
broken up into fine droplets, in which condition it is carried into the 
cylinder. Scarcely any two oil-engine manufacturers follow the same 
design in the fuel valve. However, practically all employ some such 
principle as that described above. 

539 , Ignition of fuel in internal-combustion engines using 
gasoline as fuel is effected by; (1) An electric spark (Figs, 468 
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Fig. 468. — Diagram of make-and-break (electric) ignition system. This system has the 
one advantage of low cost and therefore is used chiefly on relatively cheap engines. 



Fig. 469. — Diagram of high-tension (jump-spark) ignition system. This system 
is generally more reliable than the low-tension system (Fig. 468) and, though more 
expensive, is gradually superseding it. 
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and 469) which is caused to jump across the terminals of a 
spark plug (Fig. 469) in the cylinder end, or which is caused 
by the breaking of a circuit between tw-o contractors or 
electrodes which are located within the engine cylinder. 
(2) Hot hall or hot hulb (Fig. 470). In the hot-ball method of 
ignition, there is a ball-shaped chamber in the head end of the 
cylinder which is not water-jacketed. In starting the engine 
the ball is heated to almost a red heat by a blow-torch. The 
fuel valve directs the charge of fuel against this hot metal 
surface, whereupon ignition occurs. Then after the engine 



Fia. 470. — Illustrating the hot-ball method of ignition for low-pressure oil-burning 

internal-combustion engines. 

is started, the ball is maintained at a red heat by the heat of 
the combustion. This method of ignition has become 
obsolete and engines of this type are no longer built. (3) 
Compression. In the compression method of ignition the 
pure air which is drawn into the cylinder on the suction 
stroke (Sec. 550) is, at the end of the compression stroke, at 
such a high temperature that it ignites the fuel charge as 
soon as the fuel is admitted to the cylinder. 

Note. — AppiiicATiONS. — In general, the electric spark is used for ignit- 
ing the fuel in gas, gasoline, and kerosene engines; the hot-ball method for 
low- and medium-pressure (Sec. 549) oil engines; and the compression 
method for medium- and high-pressure oil engines. 

640. The three general methods of governing internal- 
combustion engines are: (1) The hit-and-miss method, (2) 
Quantitative or constant-quality governing. (3) Qualitative or 
constant-quantity governing. The hit-and-miss method is, 
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from the standpoint of fuel economy, the most economical of 
the three methods. However, it is practical only for small 
engines where close speed regulation is not required. Some 
internal-combustion engines of the modern types employ a 
combination of the quantitative and qualitative methods of 
governing which is relatively simple and which provides a 
regulation, from no load to full load, of about 2 or 3 per cent. 
Each of these methods is briefly described in the notes below. 

Note. — The hit-anb-miss method oe govebning interkal-com- 
BiJSTioN EisransTES consists in causing the engine to fail to take in a charge 
of fuel as long as the speed is too high. This is accomplished by having 
the governor so connected that as long as the speed is too high the inlet 
valve is held closed. In some engines, while the inlet valve is held closed 
the exhaust valve is held open and in other engines both the inlet and 
exhaust valves are held closed during the miss cycle. This method of 
governing is economical because the ratio of air to fuel in the mixture 
is constantly maintained at the most desirable value and a ^Tull’^ charge 
of mixture is admitted whenever the fuel valve is open during a suction 
stroke (Sec. 543). However, in a four-stroke-cycle engine (Sec. 540), if 
the engine fails to take in a fuel charge it must make three more strokes 
before it has the opportunity to take in another fuel charge. In the 
meantime, the speed may have dropped too low. Helatively large fly- 
wheels are required for engines which employ this method of governing. 
The hit-and-miss method of governing is used for small gas and gasoline 
engines where close speed regulation is unimportant as, for example, for 
engines for pump and concrete-mixer drives. 

Note. — Iisr the quantitative method op governing, the quantity 
of the charge is varied but the ratio of air and fuel in each charge remains 
constant. This method of governing may be effected by throttling, 
or by cutting off the fuel supply before the end of the suction stroke. 
Cut-off governing is not much used because of the complexity of the 
valve gear which is required. The objection to quantitative governing 
is that, as the load decreases, less mixture is drawn into the cylinder per 
cycle and the compression pressure decreases. Consequently, at light 
loads the efficiency is materially less than at full load. The quantitative 
method of governing is used for gas and gasoline engines in those services 
where very close speed regulation is required and where heavy flywheels 
would be objectionable — as, for example, in engines which drive alter- 
nating-current generators in parallel operation, and in automobile-truck, 
tractor, and large marine engines. Quantitative control is also employed 
where engines must be '^governed'' (by hand) to run at various speeds, 
as in automobiles, aeroplanes, and motor boats. 

Note. — The qualitative method of governing consists of vary- 
ing the quality of the mixture — ^ratio of fuel to air in the charge — while 
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the quantity of the charge remains nearly constant. The objection to 
this method of governing is that at light loads the ratio of the fuel to the 
air is so small that sometimes the fuel may fail to ignite. Then, the fuel 
in the charge which did not fire is wasted through the exhaust. Also 
a ^^weak’^ mixture burns very slowly, giving very little pressure on the 
beginning of the expansion stroke and, in extreme cases, the fuel is not all 
burned even at the end of the stroke. The qualitative method of govern- 
ing, in improved form, is used for practically all oil engines — ^low-pressure:. 
semi-Diesel, and Diesel. 



541. Internal -combustion engines may be classified accord- 
ing to the number of strokes per cycle as: (1) Tivo-stroke- 
cycle engine, Fig. 471, sometimes called two cycle — wherein a 
complete cycle of events occurs for each two strokes of the 
piston. (2) Four-stroke-cycle engine (Fig. 472) — sometimes 
called four cycle — wherein a complete cycle of events occurs 
for each four strokes of the engine. Engines of each of these 
types are used. Each gives good results in the service (Sec. 
544) for which it is suitable. The cycles of events for engines 
of each type are described in the following sections. 



524 


PRACTICAL HEAT 


[Div. 16 


Note. — Peactically All. Iistternal-combestion- En^gin-es Must Be 
Started Prom Some Outside Source Op Power. — The power for 
starting large engines is generally provided by compressed air. Small 
engines are usually started hy an electric motor driven from storage 
batteries. 



Fia. 472.- — Cross-section of Chieago Pneumatic four-cycle Diesel engine. 

542- A two -stroke -cycle internal-combustion engine is 

illustrated in Fig, 471. Engines of this type have no inlet or 
exhaust valves. The gases are admitted and exhausted 
through ports in the cylinder which are covered and uncovered 
at the proper time during the piston travel. Some two- 
stroke-cycle engines are made with two ports, and some are 
made with three ports. The operation of a single-cylinder 
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two-port, two-stroke-cycle gasoline engine is explained below. 
Large engines have more than one cylinder. 

Explanation. — Figure 473 represents a piston. A, within the cylinder, 
B, oi a two-port, two-cycle gasoline engine. The piston is connected 
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Fig. 473. — Illustrating the operation of a two-port, two-stroke-cyele gasoline engine. 


to a crank, D, by means of a connecting rod, C, so that continuous rota- 
tion of the crank imparts a reciprocating motion to the piston. Or con- 
versely, a reciprocating motion of the piston will cause a rotating motion 
of the shaft. 
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Assume that the piston is in the position shown in Fig- 473-/ and that 
crank, Z>, is rotated, in the direction indicated by the arrow, by some out- 
side source of power (Sec. 541). This causes the piston to move upward 
to the position shown at II. This upward movement of the piston — 
which is called the crankcase suction stroke — increases the volume of the 
gases in the crank case, thereby decreasing the pressure within the crank- 
case below that of the atmosphere. Consequently, the atmospheric 
pressure on the outside of the crankcase causes air to enter the crankcase 
through the carburetor, G. 

As the air passes through the carburetor (Sec. 537) it picks up and 
vaporizes a quantity of fuel which is mixed with and carried into the 
crankcase by the air. As the crank is rotated further by the outside 
source of power, the piston is moved downward to the position shown at 
III. This downward movement of the piston — ^which is called the 
crankcase compression stroke — compresses the air-and-fuel mixture which 
is in the crankcase so that its pressure is something above that of the 
atmosphere. A check valve (not shown in illustration) prevents the fuel 
charge from being forced out through the carburetor. 

Therefore, when the inlet port {Ey Fig. 473-///) is uncovered by the 
downward movement of the piston, the air-and-fuel mixture, being 
at a higher pressure than the gases in the cylinder, passes through E 
into the cylinder. As the fuel charge — ^that air-and-fuel mixture — 
passes into the cylinder, it is deflected upward toward the top of the 
cylinder by the baJBBle, /. This prevents, to a large extent, the escape of 
the fuel charge through the exhaust port, F, which at this time is also 
uncovered and open to the atmosphere. 

Further rotation of the crank moves the piston upward to the position 
shown in IV. This upward movement of the piston — ^which is called the 
cylinder compression stroke — covers the ports E and F and compresses the 
fuel into the small clearance volume at the top of the cylinder. At 
the same time that the piston moves upward on the cylinder compression 
stroke, another fuel charge is drawn into the cylinder in the same manner 
as it was in the crankcase suction stroke explained above. While the fuel 
is compressed in the upper part of the cylinder (Fig. 473-/ F), an electric 
*^spark'' or arc is made to jump between the electrodes or ‘^points” of 
the spark plug. See Sec. 539 on ignition. This ignites the fuel. 

After ignition, combustion of the fuel occurs so rapidly that it may be 
termed an explosion. The chemical energy which is liberated as heat by 
the combustion raises the temperature and pressure of the products of 
combustion, thereby exerting a great downward force on the piston. 
The downward force on the piston causes it to move downward. The 
downward movement of the piston which is caused by the pressure of the 
heated products of combustion is called the work stroke. This downward 
motion of the piston is, through the connecting rod and the crank, 
transmitted to the shaft and causes it to rotate. Thus, the chemical 
energy of the fuel is transformed into heat energy which is in turn trans- 
formed into mechanical work of rotating the engine shaft. 
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During this work stroke the fuel charge which was drawn into the 
crankcase during the cylinder compression stroke is compressed in 
the crankcase. About the time the piston completes the work stroke the 
exhaust port, F (Fig. 473-///), is uncovered and the burned gases begin 
to pass out through, it to the atmosphere. A little later in the work 
stroke the inlet port, E, is uncovered and the fuel charge which is com- 
pressed in the crankcase passes into the cylinder and expels the remain- 
der of the burned gases. This expulsion of the burned gases is called 
scavenging. 

The fuel charge which has just passed into the cylinder is compressed 
on the next upward stroke of the piston. The work which is required 
for this second cylinder compression stroke is done by the energy which 
was stored in the flywheel during the first work stroke. From this point 
on, the cycle of operations is continually repeated, each event of the cycle 
occurring as described above. However, after the engine is running on 
its own power, the work stroke and the crankcase compression stroke 
occur simultaneously; also, the cylinder compression stroke and the 
crankcase suction stroke occur simultaneously. 

643. Operation of a four-stroke -cycle internal-combustion 
engine is explained below. For the purpose of explaining the 
operation only one cylinder is shown. However, four- 
stroke-cycle engines are frequently made with more than 
one cylinder. 

Explanation. — Figure 474 represents a piston, P, within the cylinder, 
G, of a four-stroke-cycle gas engine. The piston is connected to a 
crank, C, by means of the connecting rod, R, so that continuous rotation 
of the crank imparts a reciprocating motion to the piston. Or conversely, 
a reciprocating motion of the piston will cause a rotating motion of the 
crank. The inlet valve. A, and the exhaust valve, E, are controlled 
through the cams and push rods by gears, Y and X. Gears Y and X 
are driven by a third gear, T, which is mounted on the crankshaft. The 
ratio of the number of teeth in gears X and Y to the number on T is 
2:1. Consequently, for each revolution of T, gears X and Y make of 
a revolution. 

Assume that the piston, P, and the gears, X and Y, are in the positions 
as shown in Fig. 474, and that the crank, C, is rotated by an outside 
source of power (see note under Sec. 541) in the direction indicated by 
the arrow. The piston moves downward. The increase in the cylinder 
volume above the piston decreases the pressure therein and causes a 
charge of fuel-and-air-mixture to be drawn into the cylinder through the 
inlet valve, A. This downward movement of the piston is called the 
suction stroke or admission stroke. By the time the suction stroke is com- 
]>let(id (Fig. 475), the inlet valve is closed. 
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Further rotation of the crank by the outside source of power causes the 
piston to move to the top of the cylinder (Fig. 476) thus compressing 
the charge, which is entrapped therein, into the small clearance volume 
at the top of the cylinder. This is called the compression stroke. When 
the piston is in this position, the compressed charge is ignited (Fig. 476) 
by an electric spark or arc which is made to jump between the elec- 
trodes or ^'points'' of the spark plug. Combustion of the fuel follows 
the ignition, and is so rapid that it may be termed an explosion. The 
heat of combustion raises the temperature, and consequently the pres- 
sure, of the gaseous products of combustion. The force which is thus 




Fig. 474. — ^Four-stroke-cycle gas engine. 
(Beginning of admission stroke.) 


Fig. 475. — Four-stroke-cycle gas engine. 
(Beginning of compression stroke.) 


exerted on the piston head by the high-pressure gases causes it to move 
downward (Fig. 476). This is called the work stroke. The downward 
movement of the piston during the work stroke imparts a rotating 
motion to the crankshaft. 

Thus, the chemical energy of the fuel is transformed into heat energy 
within the engine cylinder, and the heat energy is transformed into work 
of rotating the shaft. At the completion of the work stroke, the cam on 
gear, X, opens the exhaust valve, E, and further rotation of the shaft 
moves the piston upward, thus expeling the gases from the cylinder 
through E and the exhaust manifold (Fig. 477). This is called the exhaust 
stroke. At the completion of the exhaust stroke, valve E closes. 



Sec. 544] 


INTERNAL-COMBUSTION ENGINES 


529 


Further rotation of the shaft moves the piston downward on the suction 
stroke of the next cycle. A four-stroke cycle may be said to begin with 
the suction stroke and to end with the exhaust stroke. The work which 
is required to perform the exhaust stroke of one cycle and the suction 
and compression strokes of the succeeding cycle is, in a single-cylinder 
four-stroke-cycle engine, done by the energy which was stored in the 
flywheel as kinetic energy during the previous work stroke. Thus, in 


.-Water 


Exhaust 



\D/rect/on Of 
ARofatfonOf 
n — n Crankshaft 


' ' -T/m/na Sears' “ ' 
Ratio /;2 


Fig. 476. — Four-stroke-cycle gas en- 
gine. (Fuel and air, having been com- 
pressed, are ignited by electric spark, 
beginning the first downward or work 
stroke of the cycle.) 



Fig. 477. — Four-stroke-cycle gas en- 
gine. (Work which was begun in Fig. 
476 is completed when piston reaches 
bottom of stroke. Exhaust valve has 
opened and piston is traveling upward, 
beginning the first upward or exhaust 
stroke of the cycle.) 


starting the engine, the outside source of power which is used to rotate 
the crank shaft may be removed after the first explosion occurs. 

644. Internal-combustion Engines May Be Designed To 
Operate On Either The Four-stroke Or Two-stroke Cycle. — 

Indicator diagrams from low-pressure gas engines operating 
on the two- and the four-stroke-cycle are shown in Figs. 478 
and 479. Froih a comparison of these two indicator diagrams, 
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it might be thought that an engine which operates on the two- 
stroke cycle would be preferable to one operating on the four- 
stroke cycle, because for the same number of revolutions the 
two-stroke cycle engine would give twice as many explosions 
as would the four-stroke cycle engine, and hence would appear 
to develop twice the power. However, for the same size 
cylinder and the same number of revolutions per minute, a 
two-stroke-cycie engine develops only from 1.3 to 1.7 times 
the power of a four-stroke cycle engine. This is partially due 
to imperfect scavenging of the burned gases in the two-stroke- 
cycle engine and to a slight loss of fuel which escapes with 
the burned gases during scavenging. The simplicity and low 


• { Scdv^ngingf Ati'd - : 
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^ ‘ • txhaustPprt ijncpverefjt i 

iirhission 


Fio-, 478. — Cylinder indicator diagram 
of a two-stroke-cycle gas engine. 
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Fia. 479- — Indicator diagram of 
four-stroke-cycle gas engine. 


maintenance cost of two-stroke-cycle engines very often, 
especially for small-capacity installations, make these engines 
more desirable than four-stroke-cycle engines. Two-stroke- 
cycle engines are also used because their weight per horsepower 
is considerably less than the weights of four-stroke-cycle 
engines of equal power. For this reason they are widely used 
as marine engines. 

Note. — Two-stkoke-ctcle engines are employed where small 
weight, small space and low first cost are more important factors than 
maximum operating efficiency. They are frequently, though not always, 
used in motor boats, farm service, and in the oil fields. 

Note. — Fotjr-stroke-cycle engines are employed where maximum 
efficiency is of greater importance than weight, space occupied, and 
first cost. Thus, they are generally, though not always, used for auto- 
mobiles, aeroplanes, tractors, and electric-central station prime 
movers. 
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546 . Internal -combustion engines may be classified accord- 
ing to the compression pressure (Table 545) as follows; (1) 
Low pressure. (2) Medium pressure. (3) High pressure. 
Those low-pressure engines (Table 545) which use gas and light 
liquid fuels such as gasoline, kerosene, and alcohol, are very 
similar in operation to the medium-pressure engines using the 
same fuels. The principal difference is in the compression 
pressures. In the low-, medium-, and high-pressure engines 
which use fuel oil, there is a difference in the pressures, the 
method of ignition, and in the cycle on which the engine 
operates, ordinarily the Otto cycle or the Diesel cycle (Secs. 
422 and 424). Engines of each of these types are described 
in the following sections. 

Note. — ^The compressiok pressure op an internal-combustion 
ENGINE is the pressure (Sec. 5) which the fuel charge exerts on the piston 
just before ignition occurs. It is usually measured in pounds per square 
inch. 

Note. — It is mechanically possible to build internal-combustion 
ENGINES in nearly any combination of the following arrangements: (1) 
Two-stroke or four-stroke cycle. (2) Single- or multi-cylinder. (3) Single- 
or double-acting. (4) Horizontal, vertical or inclined. (5) Simple or 
compound. 

547 . Tow-pressure internal-combustion engines which use 
gas or light liquid fuels usually employ some form of mixing 
valve (Sec. 536) or carburetor (Sec. 537) for mixing the fuel 
and air. The mixture of air and fuel is drawn into the engine 
on the suction stroke and is compressed on the compression 
stroke. At the beginning of the compression stroke the 
volume of the fuel and air is equal to the piston displacement 
plus the clearance volume. At the end of the compression 
stroke the volume of the fuel and air is equal to the clearance 
volume. Consequently, the pressure and temperature of the 
charge depend, among other things, upon the size of the 
clearance volume as compared with the piston displacement. 
If the compression pressure were carried too high, the tem- 
perature would rise sufficiently to ignite the charge before 
the end of the compression stroke. For this reason, those 
internal-combustion engines which compress the fuel must 
operate at low or medium pressures (Table 545) of from about 
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45 to 190 lb. per sq. in,, gage. At the end of the compression 
stroke the fuel charge is ignited, usually, by an electric spark 
(Sec, 536). Gasoline and kerosene engines are particularly 
well adapted for small and medium-capacity portable installa- 
tions. Gas engines are frequently used in those localities 
where the fuel is cheap. 

548- In low-pressure oil engines (Fig. 480) the kerosene 
or fuel oil is sprayed onto the vaporizer (see also Fig. 470) 
or hot plate O by the fuel pump, F, immediately after the com- 



Fig. 480. — Meitz and Weiss low-compression, two-stroke-cycle oil engine. 


pletion of the exhaust stroke. During the compression stroke 
the oil is vaporized and forced into the hot ball, G, and finally 
ignited. The maximum compression pressure is about 
50 lb. per sq. in. gage. The operation of the engine shown in 
Fig. 480 is similar to that described in Sec. 547. Low-pres- 
sure oil engines are well adapted for low-capacity installations 
where it is desired to use a cheap fuel. They are simple in 
construction, very reliable, and require but little attention. 
Consequently the first cost and operating costs are low. 

549. The Hesselman Oil Engine Is A IVtedium -pres sure 
Engine (Fig. 481). — In this engine a maximum compression 
pressure of 135 lb. per sq, in. gage occurs near the end of the 
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compression stroke^ at whicli time the fuel oil is injected into 
the cylinder by a mechanical injection pump. Ignition is 
usually effected by a spark just as in a gasoline engine. The 
electric spark is needed because the compression to 135 lb. 
is not high enough to raise the temperature of the air to self- 



Fig. 481. — Cross section of a 75-hp. Waukesha w-Hesslem an oil engine. 


ignite the fuel. Nevertheless the engine uses cheap fuel and 
is competitive with the Diesel. The Hesselman engine as 
made by the Waukesha Motor Co., Fig. 481, is a high-speed 
(950 to 1400 r.p.m.) four-cycle oil engine. 

550. The High-pressure Internal-combustion Engine Is 
Typified By The Diesel Engine (Figs. 472 and 482). — In the 
four-stroke-cycle Diesel engine (Fig. 472) , the charge of fresh 
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air, which, is drawn into the engine through the air inlet 
valve, during the suction stroke, is compressed to about 
500 lb. per sq. in. gage at the end of the compression stroke. 
The temperature of the fresh-air charge at the end of the 
compression stroke is about 1,000° F. At about the end of the 
compression stroke, the fuel is injected into the combustion 
space through an atomizing nozzle at 4,000 to 6,000 lb. per 
sq. in. pressure. Upon contact of the atomized fuel oil with 
the high-temperature fresh air, ignition occurs, and the com- 
bustion continues until the fuel supply is cut off. Engines 



burning very heavy oil use air at 700 to 900 lb. pressure to 
inject the fuel. Relatively few air-injection engines are being 
built today. Governing is effected by regulating the amount 
of fuel injected. Diesel engines are the most efficient heat 
engines (Table 554) which have so far been developed. 
They are heavy and require a heavy foundation. They are 
particularly well adapted for medium- and high-capacity 
installations in those locations which justify the use of a liquid 
fuel. Diesel engines are being extensively used in the marine 
service where the available engine space and fuel-storage 
space is a minimum. Modern Diesel-engine governing pro- 
vides speed regulation which is sufficiently close that they may 
be used to drive alternators which are connected in parallel. 
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More recently they are being used in locomotives pulling 
high-speed trains, and in trucks and buses. 

551. Practically all internal-combustion engines operate 
either on the Otto or on the Diesel cycle (Div. 12) or upon 
a modified combination of these two gas cycles. Indicator 
diagrams for engines of the various types are shown in Figs. 




Fia. 484. — Typical full-load indi- Tig. 485. — Typical indicator card of a 
cator card of a low-pressure four-stroke- Diesel four-cycle engine- 

cycle oil engine. 


478, 479, 484, 485, and 486.. In those engines wherein the 
air and fuel are mixed before admission to the cylinder (Figs. 
478 and 479) and in the low-pressure oil engine (Fig. 484 and 
Sec. 548), combustion occurs almost instantaneously after 
ignition. Consequently, the piston movement during the 
combustion period is practically 
negligible. That is, the heat is 
added at a constant volume and 
there results a considerable rise in 
pressure above the compression 
pressure. This is one of the 
characteristics of the Otto gas stroke-cycle semi-Diesel engine, 
cycle (Sec. 422). In the Diesel 

engine (Sec. 550) combustion occurs as long as the fuel is 
being sprayed into the cylinder. Thus, in the Diesel engine, 
the rate of fuel admission is so timed with respect to the piston 
tral^el that heat is added (Fig. 485) at practically constant 
pressure. Usually, in the semi-Diesel engine, a part of the 
heat is added (Fig. 486) at constant volume and a part is 
added at constant pressure. Modern high-speed Diesels 
operate on the Otto cycle because the high speed requires 
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injection of fuel before top dead center and the injection 
period is extremely short. 

652. Tests of internal combustion engines are made in a 
manner which is very similar to that of steam engines (see 
the author^s STEAM-nisrGiisrE Pbustciples And Practice) . 
The brake horsepower may be determined by a brake or 
electrically. The indicated horsepower may be determined 
by the following formula: 

(351) P = (horsepower) 

Wherein: P = the indicated . horsepower. L = length, in 
feet; of piston travel or stroke. A = the net area, in square 
inches, of the piston. N = number of work strokes per 
minute. P = the mean-effective pressure, in pounds per 
square inch, as determined from the indicator card (Sec. 503). 
In determining the mean-effective pressure from the indicator 
card of a four-stroke-cycle gas engine, the area bounded by 
the exhaust and suction stroke lines (Fig. 484) represents 
negative work and must be subtracted from the area bounded 
by the compression and expansion stroke lines. Compare 
For. (351) with similar For. (343) for a steam engine. 

563. The theoretical thermal-efidciency of internal com- 
bustion engines is much greater than that of steam engines. 
Also, as shown in Table 554, the overall thermal efficiency of 
internal combustion engines is greater than that of steam 
engines. The difference in the actual thermal efficiencies of 
engines of these two different types results from the different 
pseudo cycles (Sec. 402) upon which they operate, and in the 
difference in temperatures which are attained at those points 
on the cycles which determine the thermal efficiencies. The 
high actual thermal efficiency of an internal-combustion engine 
is due, largely, to the high pressure which is attained at the 
end of the compression stroke. See also the note below. 

m 

Kote. — The maximum possible thebmae efficiency of any heat 
ENGINE operating between two given temperature limits would result 
if the engine operated on the Carnot cycle (Sec. 412). The thermal 
efficiency of an engine operating on the theoretical Carnot cycle is given 
by the expression (Ti ~ T 2 ) -r- Ti, wherein Ti and T 2 ai*e, respectively, 
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Fig. 487. — Heat balance in gas-en- Fig. 488. — Heat balance in Biesel- 
gine plant where the fuel is purchased engine plant- 

in the gaseous state. 
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Fig. 489. — Plan view of five-passenger four-cylinder automobile chassis showing how 
the heat units liberated by the combustion of the fuel in the engine cylinders are utilized, 
and what proportion is actually employed in driving the car w'hen it is run at a rate of 
40 mi. per hr. in high gear. 



540 


PRACTICAL HEAT 


[Div. 16 


the maximum and minimum absolute temperatures which are attained 
during the cycle. In a steam engine operating at a steam pressure of 
250 lb. per sq. in., gage, the maximum temperature is about 400° F. 
In internal-combustion engines, the maximum temperature varies from 
2,200 to 3,000° F. The minimum temperature for an engine of either 
type operating on the Carnot cycle would be the atmospheric tempera- 
ture, which may be taken as F. 

Assume a value of 2,500° F. as the maximum temperature which is 
attained in an internal-combustion engine. Then, by reducing the values 
above to absolute temperatures and substituting in the above expression 
(Ti — Ta) -T" Ti, the thermal efEciency of the internal-combustion engine 
would be: [(2,500 + 460) - (70 -+■ 460)] (2,500 •+ 460) = 0.82, or 

about 82 per cent, and that of the steam engine would be: [(400 4- 460) — 
(70 + 460)] ^ (400 + 460) = 330 860 = 0.383, or about 38 per cent. 

However, because of theoretical and practical considerations, sfJch high 
thermal efficiencies are never realized. The heat balance diagrams of 
Figs. 487, 488 and 489 show the percentage of the heat energy of the fuel 
which is transformed into work by internal-combustion engines of various 
types, and also the percentages of the heat which is lost through various 
channels - 

664. Table Of Heat Consumption and Thermal Efficiencies 
Of Different Types of Prime Movers At Continuous Full Load. 


Type of prime mover 


Non-condensing steam engine 

Condensing engine using superheated 

steam 

Steam turbine, superheated steam, 200 to 
2,000 hp 

Steam turbine, superheated steam, 2,000 

to 10,000 hp 

Steam turbine, superheated steam, 50,000 

bp 

Producer-gas engine, suction producer . , . 

Gas engine without producer 

Diesel engine 

Steam-mercury vapor plant 


Heat con- 
sumption per 
b.hp.-hr. in 
B.t.u. 

Overall 

thermal 

efficiencies 

40,000-28,000 

6.3- 9.1 

28,000-16,500 

9.1-15.4 

24,000-15,500 

10.6-16.2 

15,500-11,000 

16.2-23.1 

11.000- 9,000 

14.000- 11,200 
10,400- 9,300 

8,000- 7,200 
7,000 

23.1- 28 

18.1- 22.7 
24.4-27.5 
32.0-35.3 
36.3 



Sec. 555] 


INTERN AL~COMBUSTION ENGINES 


541 


Note. — The thermal brake eppiciency of an internal combustion 
ENGINE (Table 554), expressed as a decimal, may be obtained by the 
following formula: 


(352) Thermal brake eff. 


2,545 X {Brake horsepower developed) 
'No. of unit meas-\ / Heat value^ irC\ 

ures of fuel con- ) x( B.t.u. of a unit l 
^sumed per hr. / \measure of fuel./ 


For liquid and solid fuels, the unit measure is usually the pound. Pox 
gaseous fuels, the unit of measure is usually the cubic foot at a tempera- 
ture of 62® F- and at a pressure of 30 in. of mercury. 

Example. — In a test of a certain Diesel engine, 492 b.hp. was devel- 
oped. The rate of fuel consumption during the act was 221 lb, per hr. 
The heating value of this fuel oil was 19,100 B.t.u. per lb. What was the 
thermal brake efficiency? Solution, — ^Substituting in For. (352), the 
thermal brake efficiency = (2,545 X 492) -i- (221 X 19,100) = 0.296, or 
29.6 per cent. 


665. Internal-combustion-eiigiiie Cylinders Must Be 
Cooled. — If some method of cooling were not provided, the 
high temperatures which exist 
within the engine cylinders (Sec. 

553) would render the engine in- 
operative in a very short time. 

Internal-combustion engines are 
usually either watercooled (Fig. 

490) or air cooled (Fig, 491). In 
a water-cooled engine, the water 
is circulated through cooling 
chambers (Figs. 480, 481, and 482) 
which surround the cylinder. In 
some of the large-capacity engines, 
the cylinder head, the valves, and 
the piston are also water cooled. 

The water, after being heated 
in the cooling-water jackets, is usually cooled by some 
external means such as a tank, hopper, cooling tower, or 
a radiator. In some instances, the heat which is transmitted 
to the cooling water is utilized for warming buildings or 
for doing mechanical work. The cooling-water circulation 
in large-capacity engines is usually provided by a small 
centrifugal pump (Fig. 490), whereas in wsmall-capacity 



Fig. 490. — Gas engine provided 
with small pump and cooling tower for 
circulating and cooling the cooling- 
water. The water is cooled by evapo- 
ration (Sec. 300) in flowing over the 
screen. 
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engines the cooling water is circulated by convection (Sec. 
137). In air-cooled engines (Fig. 491), the cylinder is pro- 
vided with fins, over which the cooling air is circulated by a fan. 

666. The name-plate horsepower rating of internal- 
combustion engines is, unless otherwise specified, usually as 



Fig, 491. — Air-cooled gasoline engine. 


follows: (1) For an Otto-cycle stationary engine^ nearly the maxi- 
mum brake horsepower which the engine will develop at the 
shaft- Ordinarily, such engines are so rated that a load of 
from 5 to 15 per cent, above the rated horsepower at the rated 
speed will cause them to stall. Consequently, they have 
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practically no overload capacity. (2) For a variable-speed 
Otto-cycle engine — -automotive or marine — the maximum brake 
horsepower which the engine will develop at the shaft. (3) 
For a Diesel-cycle engine — Diesel or semi-Diesel — the brake 
horsepower at which the engine operates at its maximum 
effi-ciency. By increasing the period of fuel injection in a 
Diesel engine it can be made to develop more power than that 
for which it is rated, although such operation will be at a 
decreased efficiency and increased maintenance cost. Some 
internal combustion engines may, by their manufacturers, 
be given a horsepower rating which is higher or lower than 
the brake horsepower which the machine will actually deliver 
at its shaft. Consequently, the purchaser should insist on a 
guarantee from the manufacturer. In general, then, internal 
combustion engines have little or no overload capacity above 
the outputs for which they are rated, whereas steam engines 
(Sec. 508) usually have considerable overload capacity above 
their ratings. 

Note. — ^The bbake horsepower which an internal combustion 
ENGINE WILL DELIVER AT THE SHAFT may be very closely approximated 
by the following formula : 

(353) Pb = ^ (b. hp.) 

Wherein: Pr ~ the brake horsepower which the engine delivers at the 
engine shaft, d = diameter, in inches, of the cylinder. L = piston 
stroke, in inches. N = revolutions per minute, kz = number of work- 
ing cylinder ends. Thus, in a 2-cylinder double-acting engine, kz = 
2X2—4. ki and k^ are constants which vary with the type of engine 
and the fuel used. Following are values of kx and k^ for use in the 
above formula for engines of different types using various fuels. (1) For 
an engine ztsing producer gas, kx = 18,500; k 2 — 2. (2) For engines 

using natural gas, kx = 15,200; k^ =0.5. (3) For single-acting, vertical 

or horizontal engines using illuminating gas, kx — 15,700; k^ = 2. (4) For 

double-acting horizontal engines tosing hlast-furnace gas, kx = 21,000; 
k’i =0.5. (5) For single-acting horizontal or vertical engines using gasoline; 

kx == 16,400; k 2 = 0.5. (6) For single-acting horizontal or vertical engines 

using oil or distillate; kx — 21,875; k^ = 0.75. For. (353) and values of 
ki and k^ which are given above are from Ulb right and Torrance, 
“American Practice In The Hating Of Internal Combustion Engines.” 
The above For. (353) is for stationary, four-stroke-cycle engines which 
operate on the Otto cycle. Therefore, it should not be applied to OieseJ 
and semi-Diesel engines, nor to two-st'roke-cycle engines. 
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QUESTIONS ON DIVISION 16 

1 . Explain the successive steps of converting the chemical energy of a fuel into 
mechanical work in an internal-combustion-engine power plant. In a steam power 

plant. 

2. What is an internal-combustion engine? 

3 . Name the different kinds of fuels which may be utilized in an internal-combustion 
engine. 

4. Explain how the air for combustion is generally mixed with a gaseous fuel. 

5. Describe the operation of a producer-gas power plant. 

6. How is air generally mixed with a light-liquid fuel? With a heavy-liquid fuel? 

7 . Name and explain three different methods which are employed for igniting the 
fuel in internal-combustion engines. 

8. Explain three methods of internal-combustion-engine governing. 

9. Explain, with diagrams, the cycle of operations for a two-stroke-cycle engine. For 
a four-stroke-cycle engine. What are some of the advantages and disadvantages of 
each? 

10. What is meant by ‘'compression pressure”? 

11. Explain the operation of a low-pressure internal-combustion engine using a light- 
liquid or a gaseous fuel. Of a low-pressure oil engine. 

12. Explain the operation of a Diesel engine. Of a Hesselman engine. 

13 . Upon what two modified cycles do nearly all modern internal-combustion engines 
operate? 

14 . How may an internal-combustion engine be tested? 

16 . What are some of the causes for the difference between the thermal efficiency of 
a steam engine and that of an internal-combustion engine? 

16 . How may the thermal brake efficiency of an internal-combustion engine be 
obtained? 

17 . Why must the cylinders of an internal-combustion engine be cooled? Explain 
the different methods of cooling which are employed. 

18 . Upon what basis are internal-combustion engines of different types rated? 

PROBLEMS ON DIVISION 16 

1 . A number of indicator cards were taken during the test of a four-stroke-cycle 
Diesel engine from each of the 4 cylinders. The average of the mean effective pressures 
as determined from the indicator cards was 106 lb. per sq. in. The length of the stroke 
was 2 ft, and the diameter of the piston was 16 in. During the test the engine was run- 
ning at 200 r.p.m. What was the total indicated horsepower of the engine during this 
test? 

2. During a brake test of a producer-gas engine, it developed 140 b.hp. During the 
test, the rate of fuel consumption was 15,400 cu. ft. per hr. The heating value of the 
fuel was 128 B.t.u. per cu. ft. What was the thermal brake efficiency during the test? 

3 . What is the approximate brake horsepower which will be developed by a single- 
acting, single-cyUnder gasoline engine which has a 73^-in. diameter cylinder and a 12-in. 
stroke when operating at 300 r.p.m.? 



DIVISION 17 
BUILDING HEATING 

667. Artificial heating of building interiors is necessary 

in certain climates. In the torrid zones closed buildings are 
not, from the standpoint of bodily warmth, necessary. But in 
the temperate and arctic zones, buildings of some sort or other 
are essential to protect the inhabitants from the low tempera- 
tures. Provision must be made for warming the interiors of 
these buildings. 

668. Climatic conditions determine largely the refine- 
ment and size of the heating system which is required for 
any given building. If the winter season is short and mild, 
a simple inexpensive plant which emits but a relatively small 
amount of heat will sufl&ce for a certain building. But, where 
winters are severe, and where strong winds prevail during the 
cold season, not only must the building be more carefully con- 
structed so that the heat loss from it will be a reasonable 
minimum, but also the interior-heating plant must be more 
elaborate. 

Note. — ^Location" And Chakacter Of Occupancy Must Be Con- 
sidered In Planning A Heating System. — If a building is on a high 
hill without protection from the wind, more heat must be expended 
to maintain its interior at a comfortable temperature than if it is pro- 
tected from the wind. Other buildings in, the immediate neighborhood 
and many adjacent trees may constitute such protection. Because of 
the prevailing winds in winter, more heat is required (in the Northern 
Hemisphere) for rooms on the north side of a building than for those on 
the south side. A building used for office purposes, wherein the occu- 
pants expend but little physical effort, must, for comfort, be kept at a 
higher temperature than must a structure which is used for manufactur- 
ing and in which the occupants continually exert themselves physically. 
The customary temperatures for buildings of different kinds are given in 
Table 559. 


545 



546 


PRACTICAL HEAT 


[Drv. 17 


669. Table Showing Inside Temperatures Usually Assumed 
In Building -heating Calculations. — 


Temperar- 
ture, deg. 
Faiir. 


Hesidences 70 to 72 

I/ecture rooms and auditoriums 68 to 72 

Factories for light work 65 

Factories for heavy work 60 

Q 

p£? Offices and schools 70 to 72 

^ Stores 65 to 68 

Prisons 68 to 70 

Bathrooms 72 to 75 

Gymnasiums 55 to 65 

Hot houses 78 

Steam baths 110 

Warm-air baths 120 


Cellars and closed rooms 32 

Vestibules frequently opened to the outside. ... 32 

Attics under a roof with sheathing paper and metal 

or slate covering 25 

Attics under a roof with sheathing paper and tilej 

covering 32 

Attics under a roof with composition covering 40 


560. The Burning Of Fuels Constitutes The Most Important 
Source Of Building Heating. — Any of the available fuels 
(see Div. 13) may be employed for warming buildings. 
Which fuel is the most suitable for a given condition is usually 
determined by the locality and is largely a question of econo- 
mics- A portion of the fuel which is used for heating, when 
it is burned, combines with oxygen as explained in Div. 14 
and thereby liberates heat. The fuel may either be: (1) 
Burned within the building (Fig. 492) that is to be heated, 
(2) Burned in a structure exterior (Fig. 493) to the heated 
building. 
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Note. — When" fuel is BUBisrED withest the bxjieeing, either a stove, 
fireplace, hot-air furnace, or steam or hot-water boiler (see following 
illustrations) may be employed. When the fuel is burned outside 
of the building, either hot-water, steam, or electric transmission of the 
lieat to the building, is usually adopted. 



Fig. 492. — Building warmed by burning fuel within the building. (This shows a simple 
hot-water heating installation in a railroad station.) 

661. When water power is used for building heating 

(Fig. 494), waterwheels or turbines, which drive electric 
generators, convert the mechanical energy of the falling 


1 t z ot 



Fig. 493. — Building warmed by burning fuel in a building exterior to it. (Steam 

heating system.) 

water into electrical energy. Then, the electrical energy 
is transmitted over wires to the building, and therein it is 
converted into heat energy; see Sec. 30. 
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Note. — There Are Other Sources Op Heat For WarmitsTG Buieb- 
mos. — Thus in a building where machinery is in operation, the friction 
loss in the bearings (Sec. 578) and other electrical and mechanical 
losses are converted into heat energy. This heat, by radiation, conduc- 
tion, and convection, raises the temperature of the room interior. Artifi- 
cial-lighting devices burning in a room heat it: see Sec. 624 on electric 
heating. Human beings in a room at a temperature of 70 F. give off 
heat at the following rates: Adults at rest, 380 to 430 B.t.u. per hr. 
Adults at work, 480 to 800 B.t.u. per hr. Adults at violent exercise, 600 



Fig. 494. — Building warmed by water power transmitted electrically. 


to 2000 B.t.u. per hr. Children, 240 B.t.u. per hr. Infants, 65 B.t.u. 
per hr. A general figure of 400 B.t.u. per hr. per occupant is, however, 
frequently used in heating calculations. 

562. Heat for warming a room may be transferred, from 
the device in which the heat is developed, to the room by 
radiation, conduction, and convection, all of which are dis- 
cussed in Div. 5, Transfer Of Heat. Usually some of the 
heat is transferred by each of these three methods. 

563. Quantity of heat that must be supplied to a room 
during a certain time interval to maintain it at a constant tem- 
perature is equivalent to the amount of heat that escapes or is lost 
from the room during that time interval. The heat loss from the 
room may occur through either radiation, conduction, or 
convection. 

Example. — If the interior of a certain room (Fig. 495) is at a tem- 
perature of 70® F. and the heat loss from that room to the outside is 
16,000 B.t.u. per hr., then, if heat is supplied to the interior of the room 
at the rate of 16,000 B.t.u. per hr., the room will be maintained at a 
constant temperature of 70° F. 
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<T<zmp^roiti/re> i 
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* To Room 
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664. The procedure in designing a heating installation 
for any given room or building is then, as logically follows 
from the statement of Sec. 563, to: (1) Determine, in the man- 
ner to be indicated, the heat loss per hour from the space to he 
warmed. (2) Select and proportion the heat-supplying equip- 
ment so that it will supply the same amount of heat per hour as 
that (determined above) 

od will be illustrated ini /^poa ba.u p&r ® | 

7 < ,^Lost Through g 

examples which follow. | -f — ^ 
566. Heat is lost from [ I 

a building in one or more mno^ovr | ^ 

of three different ways: \tZ ' J 

(1) By conduction through \ToRoom | 

walls, ceilings, floors, and k . , . I 

windows. (2) By leakage i 

or inf iltr ation of air i 

through cracks around 1 1 1 r 

doors and windows, through 

the walls, partitions, floor's, 495.— By supplying heat to a room at the 

^ same rate as that at which the heat is lost, the 
and through the doors ana temperature within the room is maintained 

window areas when these constant. 

may he opened. (3) By ventilation. Each of these modes of 
heat loss is discussed in following sections. 

566. The factors which determine the quantity of heat 
which is lost from a building by direct conduction through 
walls, ceiling, floor, and windows, disregarding the effect of 
the exposure factor (Sec. 572), are: (1) The temperature differ- 
ence (Sec. 567) between the inside and outside of the room. (2) 
The materials and method of construction of the room; see Sec. 
568. Each will be discussed. 

567. Difference between inside and outside temperatures 
is equivalent to the thermal pressure (see Sec. 116) whereby 
the heat is caused to flow from the inside to the outside of the 


room. The solution of all building-heating problems must 
start with the assumption of definite values (see note following) 
for inside and outside air temperatures. In reality, the heat 
loss from any room of a building can be determined by apply- 
ing the principles of heat transfer which are explained in Eiv. 5. 
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And actually it is these principles which are applied. But 
in practice^ it has (as will be shown) been found much more 
convenient and quite as accurate to utilize certain empirical 
constants rather than to endeavor to follow rigidly the precise 
theoretical processes which are explained in Biv. 5. 

Note. The TEMPERATtlltE BIFFERElSrCES ORDINARILY ASSUMED IN 

BUILDING-HEATING COMPUTATIONS have been fairly well standardized for 
different sections of the country. It is generally assumed that the inside 
air should be maintained at the values given in Table 559. In the south- 
ern zone of the United States, it is usually assumed, in designing, that 
the minimum outside temperature will be +10® F.; in the central zone, 
0° F.; and in the northern zone and Canada, — 10® F. If local conditions 
are such that the above-specified temperature differences will not satisfy, 
then others which do satisfy may be assumed. 


) M/nerofJ Woo/--.^, ! 



ft- 



& 



Outs^’c/^ Soofrc/fngs. — 

• / 


i-o u t s r 
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Fig. 496. — Mineral-wool wall and partition insulation. 

Note. — When a partition (floor, wall, or ceiling) separates 
TWO SPACES, both OP WHICH ARE TO BE HEATED to the Same temperature, 
no heat loss occurs through such a partition. Thus if two adjacent 
rooms are artificially warmed, there is no heat loss through the partition 
wall. Since the temperature on both sides of the partition is the same, 
there is no thermal pressure (Sec. 116) through it. Hence, no heat 
transfer can occur. 

568. Different Materials Used In Building Construction 
Have Different Values Of Thermal Conductivity (See Div. 5, 
Transfer Of Heat). — Hence, the different materials will 
conduct the heat from the inside of a warm room to the out- 
side cold air at different rates. Also, as was explained in 
Div, 5, the thermal conductance of a given material varies 
inversely as the thickness of the material; the thicker the 
material the less its thermal conductance. Table 569 gives 
experimentally determined values of such conductances. 
These values are, as hereinafter explained, employed in For. 
(356) for determining the heat loss from a room or building. 

Note. — Heat-insulating materials are sometimes interposed 
IN walls and floors (Fig. 496) to minimize the heat loss. Or for 
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the same reason, a wall may be constructed of hollow tile or hollow brick 
which provides dead air spaces. 

569. Table of heat-transfer coefl&cients of building materials 

in British thermal units transmitted by conduction per square 
foot per hour per degree Fahrenheit temperature difference 
between inside andMDutside of building. 

Materials and construction K (For. 356) 

8~in. brick wall with M-hi. plaster on inside 0.4 

12-in. brick wall with J^-in. plaster on inside 0.31 

16-m. brick wall with M-in. plaster on inside 0.26 

20-in, brick wall with 3^-in. plaster on inside 0.23 

8-in. brick wall, plaster on wood lath 0.30 

12-in. brick wall, plaster on wood lath 0,23 

16-in. brick wall, plaster on wood lath 0.20 

Stone wall, use 1.5 time brick-wall values. 

Windows, single glass 1.13 

Windows, double glass 0.45 

Skylight, single glass 1.1 

Skylight, double glass 0.7 

Wooden door, 1 in. thick 0.69 

Wooden door, 2 in. thick 0.45 

Solid plaster partition, 2 in. thick 0.6 

Solid plaster partition, 3 in. thick 0.5 

Ordinary stud partition, lath and plaster on one side . . 0.6 

Ordinary stud partition, lath and plaster on both sides 0.34 

Concrete floor on brick arch 0.2 

Fireproof construction as flooring 0.3 

Fireproof construction as ceiling 0.14 

Single wood floor on brick arch 0.15 

Double wood floor, plaster beneath 0.10 

Wooden beams planked over, as flooring 0. 17 

Wooden beams planked over, as ceiling 0,35 

Walls of the average wooden dwelling 0.30 

Lath and plaster ceiling, no floor above 0.62 

Lath and plaster ceiling, floor above 0.25 

Steel ceilings, with floor above 0.35 

Single ?4“in- floor, no plaster beneath 0.45 

Single floor, plaster beneath 0.26 
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670. Factors that determine the loss of heat from a room 
due to infiltration or leakage of outside cold air are: (1) 
Exposed wall area. (2) Area of openings of cracks through 
the wall, around doors and windows and the like. (3) Frequency 
with which the doors and windoxos are opened and closed and 
the length of time they remain open, as for example when occu- 
pants pass in and out. It is infeasible to recognize individually 
and accurately all of these variable factors in the engineering 
computation of heat loss. Experience has, however, shown 
that certain coefficients (Table 571) may be applied, which will, 
under ordinary conditions, be correct with sufficient accuracy 
for this infiltration loss. These coefficients {N, Table 571) are 
based upon the ratio of cubical contents to exposed wall and 
door and window space, and upon the character of occupancy, 
and location of the room. 

EbcAMPrE. — Referring to Table 571, it is assumed in building-warming 
computations, that the air in the hall of an ordinary residence undergoes, 
due to infiltration, three complete changes per hour. 


671. Table Showing [Number Of Complete Air Changes 
Usually Assumed Per Hour, Due To Infiltration. 


Type of room 

N 

Number of air- 
changes per hour 

Residence : 

Halls 

3 

Rooms, two sides exposed 

IK 

2 

Rooms, three sides exposed 

Offices and stores: 

Ist-story rooms 

2.0 to 3 

2nd'-story rooms 

1 .5 to 2 

Churches and public assembly rooms 

0 . 75 to 3 

Large rooms with small exposure 

0.5 to 1 



672. Heat Loss From A Room By Conduction And Infiltra- 
tion May Vary According To The Direction Of Exposure (see 

Table 573). — The heat which is lost by conduction through 
the walls of a room is given ofi from the wall to the outside 
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air by radiation, conduction, and convection. Now, if 
moving air is sweeping over the outside wall surface, heat 
which has been transmitted through the wall will be wiped 
and carried away more rapidly than if the outside air 
which is in contact with the wall is still. Obviously then, a 
room which is on the windward side of a building will have 
greater heat loss than a similar room on the leeward side. 
Furthermore, the exposure direction affects infiltration. 
Thus, when a strong wind impinges on a certain side of a build- 
ing, more air will be forced in through the cracks and crevices 
on that side than there would be if there were no wind. Since 
the prevailing cold winds in the Northern Hemisphere come 
from a northerly direction, it is evident that a room (Table 573) 
which has a northern exposure will experience a greater heat 
loss than a like room with a southern exposure. 

Note, — The method used for computing the heat loss due to 
EXPOSURE in building-warming computations is to employ certain 
coefficients Qce, Table 573), the values of which have been determined by 
practice. It is not feasible to satisfactorily compute on a purely theoreti- 
cal basis the effect of exposure. 

Note. — Intermittently heated rooms require greater heat 
INPUT. To insure that such rooms may be heated in a reasonable time, a 
percentage is added to the computed heat losses. Intermittently heated 
rooms are given proper consideration by using the factors of Table 574. 


573. Table Of Coefficients Of Exposure. 

Direction of exposure 

Coefficient kjs 

North, north-east, and north-west 

1.1 to 1 . 2 

1 . 05 to 1.1 
1.0 

East or west 

South 



Example. — From Table 573, the exposure coefficient, for east or 
west rooms is 1.05 to 1.1. This means that the heat loss, by conduction 
and infiltration, for an east- or west-exposed room, will be from 5 to 
10 per cent, greater than or 1.05 to 1.1 times that for the same room if 
it had a southern exposure. 
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674. Table Of CoefELcients For Intermittently Heated 
Rooms, (From Hoffmanns Handbook For Heating And 
Ventilating Engineers.) 


Manner of heating 

Coefficient hi 

Rooms heated only periodically 

1.20 to 1.40 
1.10 

1.25 

1.50 

Heat interrupted daily but rooms kept closed ’ 

Heat interrupted daily but rooms kept open 

Heat off for long periods 



676. Basis Of The Determination Of The Amount Of Heat 
Lost From A Room Because Of Its Veiitilation. — For each 
cubic foot of outside air which enters a room from any source 
whatsoever, 1 cu. ft. of the air that was in the room is forced 
outside, either by convection, or in some other way. df it 
were not thus forced out, the air would ^^pile up^^ in the room, 
which is impossible. When the temperature of the air within 
the room is higher than that of the outside air, then the air 
which is thus forced outside causes a loss of heat from the 
room. Hence, if the temperature within the room is to be 
maintained constant, the incoming air must be warmed to 
inside room temperature. The heating equipment should be 
so designed that it will effect this warming. 

Note. — From Table 251 of the specific heats, it will be noted that 
it requires 0.241 B.t.u. to raise the temperature of 1 lb. of air 1° F. 
Hence, it is evident, since there are approximately 13.3 cu. ft. in a pound 
of air at room-warming temperatures, and pressures, that it requires: 
0.241 ^ 13-3 = 0-018, or (approximately) 0.02 B.t.u. to raise the tem- 
perature of 1 cu. ft. of air, at room-warming temperatures, 1° F. In 
room-heating computations, it is, therefore, usually assumed that the loss 
of heat due to ventilation is 0.02 B.t.u. per cu. ft. degree Fahrenheit 
difference between inside and outside temperatures. Conversely, 1 B.t.u. 
will raise the temperature of (1 0.018 =) 55 cu. ft. of air through 1° F. 

Note. — The quantity of air required for ventilation for 

RESIDENCE OR OTHER BUILDINGS WHEREIN THERE ARE BUT FEW PEOPLE 
is SO small that special ventilating apparatus is, usually, unnecessary. 
There should, however, always be some ventilation in all rooms occupied 
by human beings. But, in the ordinary residence or similar room, suffi- 
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dent fresh air enters automatically by infiltration (Sec. 570). Therefore, 
for buildings of these types such loss of heat as may occur due to ventila- 
tion is taken care of by the change-of-air factor which is discussed in 
preceding Sec. 570, 

Note. — ^The vektieatiok required for buildings m which there 
MAY BE MANY PEOPLE such as scliools, Congested ofi&ces, churches, theaters, 
and the like, is based on the fact that to insure comfort, health, and 
mental activity, 1,800 cu. ft. of pure air per hr. is required for each person 
in the room. Hence, computations for rooms in which there are many 
people, may be made by the following formula, in which T = temperature 
difference, in degrees Fahrenheit, between inside and outside air. 

(354) Heat loss per hr. hy ventilation = No. persons X 1,800 X 0.02 X T 

(B.t.u.) 

EbcAMPLE. — ^Assuming that there are accommodations for 50 students 
in a certain school room, and that 1,800 cu. ft. of air per person per hr. 
will be supplied for ventilation, what will be the loss of heat per hour 
due to ventilation in this room? Assume 70° F. temperature difference, 
SoLUTiON. — Substituting in the above For. (354), loss of heat due to 
ventilation = Number of persons X 1,800 X 0.02 X T = 50 X 1,800 X 
0.02 X 70 = 126,000 B.t.u. per hr. 

Note. — For. (354) may also be written, assuming a 70° F. tempera- 
ture difference: 

(355) == 2,52071 (B.t.u. per hr.) 

Wherein: Qa = loss of heat, in British thermal units per hour, due to 
ventilation, n = number of persons. 

576- The general formula for computing the total heat 
loss from any room follows (see derivation below). For 
most practical computations, Carpenter ^s formula (Sec. 577) 
may be preferable. The following formula is included to 
illustrate the general principles involved: 

(350) ~ d" jA fKfT p -f- AcKcT' c 

0.02NVT)kpkj + 

Wherein: Qt = heat lost, in British thermal units per hour, 
that is, the heat, in British thermal units, which must be 
supplied per hour. Koj Kp, Kw^ and Kc — coefficients of 
heat transfer for the glass, floor, walls, and ceiling, respectively, 
in British thermal units per square foot per hour per degree 
Fahrenheit temperature difference, as found in Table 569. 
Ag = area of glass, in square feet, Apr = area of outside 
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wall (exclusive of glass), in square feet. Af == area of floor, 
in square feet. Ac == area of ceiling, in square feet. N — 
assumed number of air changes per hour, as given in Table 
571. V = volume of room, in cubic feet. T = temperature 
difference, in degrees Fahrenheit, between inside and outside 
of room (Sec. 567). Tp ~ temperature difference, in degrees 
Fahrenheit, between room and space under the floor. Tc = 
temperature difference, in degrees Fahrenheit, between room 
and space over ceiling- = exposure coefficient, as found 
in Table 573. hi — coefficient for intermittently heated rooms 
as given in Table 574. = heat, in British thermal units 

per hour, as computed by For. (354), which must be supplied 
to warm the air for ventilation. 

DBRiVATioisr. — By Sec. 565, all of the heat escapes from a room by 
conduction, infiltration, and ventilation. Or, 

(357) Qr = (Qc 4- Qi^) H- Qa. (B.t.u. per hr.) 

Wherein: Qy ~ total heat loss from room, in British thermal units per 
hour. Qc = heat loss, in British thermal units per hour, by conduction 
through glass, walls, floor, and ceiling. Qp = heat loss, in British 
thermal units per hour, due to infiltration of outside air. == heat loss, 

in British thermal units per hour, due to ventilation from For. (354). 

The rate of heat transfer by conduction through any substance of a 
given cross-sectional area and a given thickness is (Sec. 116) directly 
proportional to the temperature difference, or thermal pressure, causing 
the heat flow, and to the conductivity of the substance. Therefore, the 
total , heat loss, in British ihernnal units per hour through a huilding-parti- 
tion = {Area of the partition In square feet) X {Thermal conductivity of 
the partition material) X {The temperature difference in degrees Fahren- 
heit). But the total heat loss, Qc, from a building by conduction is equal 
to the sum of the several losses which occur through the glass, waits, 
floor, and ceiling. Or, 

(358) Qc == {glass loss) + {wall loss) -j- {floor loss) + {ceiling loss) or, 
using equivalent symbols instead of words: 

(359) Qc = {AqTCqT 4- AwHwT 4“ AfKfT p 4h AcKoTc) per hr.) 

Wherein all symbols are as specified under For. (356). The temperature 
difference between the warmed room and an unheated space adjacent to 
the ceiling or floor, such as a basement or attic, is, in practice, assumed 
to be 32® F.; see also Table 559. 

From Sec. 570 and Table 571, a certain number of complete air changes 
per hour are assumed. Thus, if the assumed number of air changes per 
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hour is multiplied by the cubical capacity of the room, the total number 
of cubic feet of air per hour which filters into the room will result. This 
air must be warmed from the temperature of the outside air to that of 
the inside air. From Sec. 575, it is found that 0.02 B.t.u. will raise the 
temperature of 1 cu. ft. of air 1° F. Therefore, 

(360) Qjr = 0.02NVT (B.t.u. per hr.) 

Wherein all symbols have the same meaning as specified under For. (356). 

But by Sec. 570, the heat loss due to conduction and infiltration is in 
some cases, augmented by the exposure or intermittent heating and the 
term (Qc 4- Qf) must be multiplied by the coefficients, kE, and kj as 
found in Tables 573 and 574. 

Now, if Fors. (359) and (360), with the coefficients, kE, and ki, applied 
to them, are substituted for their equivalents in For. (357), For. (356). 
results. 

Example. — The living room (Fig. 497), of a residence, which is located 
in the central zone of the United States, is 24 ft, long, by 16 ft. wide by 



Fig. 497. — Computation of tieat loss from a room. (First-story, residence living, 
room; northeast exposure; 4 windows, 18 sa* ft- each; secon'd-story room heated; base- 
ment unheated; ceiling and floor are wooden beams, planked over.) 

12 ft. high. The outside walls are of 12-in. furred brick. There are 
four outside windows, each having an area of 18 sq. ft. It is a two-story 
building wherein the basement is not heated. The second story is 
heated- Both the floor and ceiling are of wooden beams, planked over. 
What quantity of heat should be provided per hour for warming the 
room to 70° F. inside, when the outside air is 0° F.? See Sec. 567. 

Solution. — Area of glass, Ag = (4 X 18) = 72 sq.ft. Area of exposed 
wall, exclusive of glass — (24 X 12) + (16 X 12) — 72 == 408 sq. ft. 
Area of ceiling = area of floor — (16 X 24) — 384 sq. ft. Cubical capac- 
ity of room, V = (16 X 12 X 24) = 4,608 cu, ft. Inside-outside temper- 
ature difference, T — 70 — 0 = 70 °F. Temperature difference between 
the room to be warmed and the space adjacent to its ceiling is, since the 
second story is to be heated, 0° F.; and that between the room and the 
space adjacent to the floor is (see above) assumed to be 32° F. By 
Table 569, K, for glass = 1.13; for walls = (0.7 X 0.31) = 0.22; for 
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floor == 0.17; and for ceiling = 0.35. By Table 571, M = 1.5. By 
Table 573, == 1.1. The total heat loss, Yor. (356), — Qt == (^AgKgT •+- 

AwKwT -h AfKfTf 4- AcKcTc 4' OmNVT)kEki H- = [(72 X 
1.13)70 4 (408 X 0.22)70 4 (384 X 0.17)32 4 (584 X 0.35)0 4 (0.02 
X 1.5 X 4,608)70]!. 1 X 1.0 4 0 = [5,700 4 6,273 4 2,088 4 0 4 9,660] 
X 1.1 4 0 = 26,093 JB.tAi. per hr. Or 26,093 S.t.u. must he supplied per 
hour to maintain a 70"^ F. temperature within the room with a 0° F. 
outside temperature- 

577. Carpenter’s formula for computing the heat loss from 
any room is stated below. This is less complicated than the 
form of For. (356) and for most building-warming computa- 
tions will give a close approximation of the heat loss for dwel- 
lings. Prof. Carpenter states that the results as given by his 
formula and the corresponding results as determined by 
actual experiment on a large scale for actual buildings’^ usually 
vary less than 5 per cent. 

(361) Qt = {Ag 4 0.25A 4 0.02NV)T (B.t.u. per hr.) 

Wherein : A ~ total exposed wall area, including windows ; 
also ceiling area and floor area if they are exposed to the 
outside air. All other symbols are as specified under For, 
(356). 

Derivation. — For, (361) is merely a simplification of For. (356). 
For. (361) may be obtained from For. (356) by assuming; (1) K, for 
glass =1. (2) Kj for all walls — 0.25. (3) That no heat loss occurs 

through ceiling and floors, except when exposed to outside air. The exposure 
coefixcient may or may not be considered, but a more consistent design 
will result from its use. If there is any heat loss due to ventilation, it 
should be added to the result as obtained from For. (361). 

Example. — What is the heat loss, in British thermal units per hour, 
from the room, example under Sec. 576, Fig. 497, as determined by Car- 
penter’s formula? Solution. — By For. (361), The heat loss == Qyr = 
(Ag 4 0.25A 4 0.02NV)T - [72 -f- 0.25 X (16 X 12 4 24 X 12) -f 
0.02 X 1.5 X 4,608] X 70 — 23,080 B.t.u. per hr. See note below. 

Note. — Ip The Exposure Coefficient Of 1.1 Is Applied (as obtained 
from Table 573, for a north-east room) to the above solution, then the 
resulting heat loss = (1.1 X 23,080) = 25,388 B.t.u. per hr. The differ- 
ence between the two results as given by For. (356) and by For. (361) is 
26,093 — 25,388 = 715 B.t.u. per hr. This is a negligible difference. 

678. Heat which is supplied to a room by persons, lights, 
or machinery may, properly, be deducted from the total heat, 
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to be supplied artificially as computed by For. (361). A 
room which is occupied by 100 adults would (Sec. 561) be sup- 
plied with: 100 X 400 — 40,000 B,t.u, per hr. by its occupants 
alone. The rate of heat emission, in British thermal units per 
hour, of an electric lamp when it is lighted == its wattage X 3.415. 
Thus a 50-watt lamp emits: 50 X 3.4 = 170 B.t.u. per hr. 
Electric motors and the machinery which they drive, if both are 
located in the room, convert, in practically every case, all of 
the electrical energy, which is supplied to drive them, into heat. 
If the product of manufacture remains in the room until it has 
attained room temperature, all of this heat is, generally 
speaking, given up to warm the room. The rate of heat supply, 
in British thermal units per hour, will in this case == (the 
delivered motor horsepower -r- motor efficiency) X 2,545. Simi- 
larly, when mechanical power is supplied to a room for factory 
processes, usually all of the energy thus transmitted to the 
room is ultimately converted into heat in the room, ordinarily 
by friction (Sec. 86), which increases the room temperature. 

Note. — In high-powered mills this (Harding and Willard, 
Mechanical Equipment op Buildings, Vol. I, p. 72) heat supplied by 
externally-generated power is the chief source of heating and is fre- 
quently sufHcient to overheat the building even in zero weather, thus 
necessitating cooling by ventilation the year round. 

Example. — A lOO-hp. squirrel-cage induction motor which has a full- 
load efficiency of 85 per cent, and which operates at full rated load is 
driving a line shaft in a furniture-factory room. If the furniture which 
is manufactured remains in the room until it has attained room tempera- 
ture, how many B.t.u. are given up per hour to the room by the machinery 
during the manufacturing process? Solution. — -By Sec. 576, The rate 
of heat emission = {motor horsepower ^ motor efficiency') X 2,545 == 
(100 -T- 0.85) X 2,545 — 300,000 B.t.u. per hr. (approximately). 

579. Humidity Is Almost As Important As Ventilation In 
Rooms Occupied By Human Beings. — If the humidity (Sec. 
331) is too low, the occupants of the room will experience a 

parched sensation. The skin and the nasal passages will 
feel dry. Mental and physical depressions may result. 
Furthermore, low humidity is unhealthful because, after a 
person has remained in an atmosphere of relatively high tem- 
perature and low humidity and then goes out into the open air, 
he is likely to contract a cold or incur other disorders of the 
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nose, throat, and lungs. But too high an indoor humidity 
during cold weather will cause sweating and frosting at win- 
dows. Furthermore, with the air in the room at a given tem- 
perature, a person will feel warmer where the relative humidity 
is high than where it is low. 



Fig. 498. — Chart showing relation of effective temperature, wet-bulb and dry-bulb 
temperatures, and relative humidity. 


580* EfEective Temperature. — The effect of humidity on 
agreeable temperature is shown by the chart, Fig. 498, and the 
best available index of comfort is effective temperature, devel- 
oped in the A.S.H.V.E. Research Laboratory (see transactions 
of the A.S.H.V.E., Vol. 27—34). This index is not a true 
temperature of the air, but a synthetic index that combines 
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temperature, humidity, and air motion in a single value. It 
shows what particular combinations of the three things will 
make us feel the same. For example, the chart shows that 
we feel the same in air at 75° and 60 per cent, relative humidity 
as we do in air at 78° and 30 per cent, relative humidity. In 
either case the effective temperature is 71°. 

Note. — This chart, which shows the relation of effective temperature 
to wet-bulb and dry-bulb temperature and relative humidity, is for air 
velocities up to about 25 f.p.m., which for all practical purposes is still 
air. If the air in the conditioned space is moving faster than the ejiart 


tOcfci-s 



Fig. 499. — Water pan, W , in warm-air furnace. 


limits, the temperature will have to be raised a few degrees for the same 
effective temperature. For example, if the air movement rises to 100 
f.p.m., the effect on the chart is to move the effective-temperature line 
to the right, so that the line of 70® effective temperature, for example, 
intersects the saturation line at 72 instead of 70°. The shaded area 
represents the conditions under which the majority of people feel com- 
fortable and is known as the comfort zone. 

Note. — Proper Humidity May Be Provided Readily In Any 
Room. — If a warm-air furnace is used for heating, a water-pan, W (Figs. 
499 and 500), may be arranged, in the air-warming passage of the hot-air 
furnace, adjacent to the fire box. The water becomes hot and evaporates 
into the up-going air and humidifies it. Sometimes the water boils and 
thus (Sec. 313) evaporates very rapidly. Where buildings are heated by 
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the indirect method, suitably designed humidifying apparatus (Fig. 320') 
can be mstalled in the warm-air duct. In rooms heated by direct hot- 
water or steam-heating systems, water-pans (JV, Fig. 601) may be placed 




Igrffy 



'fjnJs/?SQf.F/oor Pou^fy Unc/tsr J7ocr> 

Fig. 502. Steam from kettle of water humidifjring room. (This also shows a method 
of fireproofing around a stove.) 

radiators. The evaporation of their water humidifies 

me ^ heating, water boiling in a kettle 

C g. 602) placed on its top will generally supply ample moisture. 
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681. The principal methods of warming buildings may be 

classified as follows: (1) Direct; Fig. 505. (2) Indirect; Fig. 

530. (3) Direct-indirect , Fig. 545, also called semi-indirect. 



I-One Half HI- Section Ur-Sec t'idn' 

EJGvation, D-D <3 - G 



Fig. 503. — Typical open-fireplace construction. (winter national Correspondence Schools* 

Building Trades Handbook.") 

Each of these methods is treated in succeeding sections. For 
definitions, see note below. 

Note. — Direct heating is effected by warming the air of the 
ROOM within the ROOM (Fig. 505) by some such means as fire-places, 
stoves, or steam or hot-water radiators. 
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InDIBBCT HBATIITG is accomplished by HBATINS AIB OUTSIDE OP 
THE BOOM (Fig. 530) and then transmitting the warmed air to the room 
which is to be heated, through suitable ducts, either by convection or by 
forced draft. 




Dikect-UnTdirect heating (Fig. 545), as the name implies, is a com- 
bination of direct and indirect. 

682. The more common types of apparatus which are used 
for building warming are; (1) Oyen-grate fireplace; Fig. 503. 
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(2) Stove; Fig. 504. (3) Hot-water radiators; Fig. 505. (4) 

Steam radiators; Fig. 505. (5) Warm-air furnaces; Fig. 499. 

(6) Unit heaters, Figs. 540 and 541. The scope of this book 
permits only a brief description of each. Other illustrations 
follow, 

683. Table Showing Approximate Average Efficiencies Of 
Various Types Of Heating Installations. — ^These values are 
expressed as a percentage of heat ^iven up to the heat-transfer 
medium — air, water or steam — as against the heat contained 
in the fuel. 


Method of heating 

Efficiency, per cent. 

Oooking stove 

1 1 about (in cooking) 

1 70 to 80 (in heating) 

5 to 20 

70 to 80 

60 to 75 

60 to 75 

60 to 75 

Fireplace 

Heating stove 

Warm-air furnace 

Steam heating 

Hot-water heating 



Example. — J£ 1 lb, of coal, which has a heat value of 11,000 B.t.u, 
(see Sec. 452) is burned in. a fireplace, the amount of heat from this 1 Ib, 
of coal which would be given oE in heating the room might only be; 



Fig. 506.™ 


-Graph.ical statement of steam-tieating-plant efficiency- 
water heating are substantially the same.) 


(Values for hot- 


11,000 X 0.05 = 550 The remainder, or: 11,000 — 500 = 10,45(> 

B.t.u. would be lost up the chimney. 

Example. — A certain steam-heating furnace, which is located within 
the building, bums 10 lb. of coal per hr. If the thermal value of this 
coal is 14,000 B.t.u. per lb., what part of the heat in the coal is, probably. 
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useful in heating the building? SoLTJTioisr. — From Table 583, the 
probable efficiency of a steam heating installation is about 67.5 per cent. 
Therefore the heat effective in warming the building == 10 X 14,000 X 
0.675 == 94,500 Bt,u, per hr., more or less. The remainder of the heat 
in the coal, or 45,500 B.t.u. per hr. is lost up the chimney. 

ISToTE. GRAPHICAL STATEMENT OF STEAM- AND HOT- WATER HEATING- 

PLANT BFFiciENGT IS presented in Fig. 506. About 30 per cent, of the 
total heat in the fuel is lost up the chimney and in the ashpit, owing to 
inefficiency of combustion. It is largely wasted insofar as building 
warming is concerned- This leaves about 70 per cent, of the total heat 
in the fuel available for heat transmission and distribution. 

If the entire heating plant is in one building, the 17.5 per cent, allowed 
(Fig- 506) for distribution is really not lost but is expended in warming 
cellars and other spaces through which the supply and return mains pass. 
Hence, in such a plant, about 70 per cent, of the total heat in the fuel is 
available for building-warming. But, if the heating-steam or water 
must be transmitted through relatively long pipe lines, then the 17.5 per 
cent. — or more — may be wholly lost in transmission. 

684. Applications, advantages, and disadvantages of the 
various methods of building wanning are: Fikeplaces are: 
(1) Very inefficient. (2) Thirty. (3) Do not produce even tem- 
peratures. Stoves are: (1) Relatively efficient. (2) Dirty. 

(3) May occupy valuable jloor space. Hot- water And Steam 
Systems have the following inherent characteristics: (1) High 
first cost. (2) Positive heat transfer, therefore not affected by 
wind. (3) Applicable to both large and small installations. 

(4) Relatively inflexible in overload capacity. Gravity-indirect 
Warm-air Systems may be said to: (1) Have large overload 
capacity. (2) Be relatively low in first cost. (3) May provide 
proper ventilation. (4) In some instances are affected by wind. 
The Hot-blast Warm-air System provides positive ventila- 
tion at all times. 

586. The open-grate fireplace (Fig. 503) is the oldest 
type of heating apparatus now commonly used for warming 
buildings. From it the heat is transmitted to the room almost 
wholly by radiation. It provides a very inefficient heating 
method (see Table 583 and example). About 80 to 95 per 
cent, of the heat of the fuel escapes through the flue and is 
ineffective in warming the room. An open-grate fireplace 
does, however, provide an excellent means of ventilation, since 
all of the air which is taken from the room and carried up the 
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chimney by convection must be replaced by fresh air through 
infiltration from the outside. However, an open fireplace 
provides a pleasant and cheerful heating effect. Such fuels as 
coal, wood, coke, gas, and peat, may be burned in the fireplace. 

Note. — To Be Most Effective, A FmEPmcE Must Be Properlt 
Designed. — It should have sloping jBirebrick sides, and back, A and B 
(Pig. 503), to reflect the heat into the room. The throat, C, should not be 
greater than 2.5 to 4 in. in depth and should be of the width of the 
fireplace opening. The total throat area should be at least equal to the 
total flue area. The smoke shelf, E, prevents air from rushing down 
when the fire is being started, and forcing smoke into the room. 



Fig. 507. — Typical modern cooking range. (In the trade a “ stove ”*h.as two oven doors* 
one at each side of its oven, A “range” has only one door to its oven.) 

686. The stove is still in use, both for building-warming 
(Fig, 504) and for cooking (Fig. 507). In spite of its dis- 
advantages the stove appears to provide economical heating 
where only a small amount of locally-generated heat is neces- 
sary. Stoves are usually made of cast iron or sheet iron. 
Each contains a fire bowl or box {Bj Fig. 504) wherein the 
combustion (see Eiv. 14) of the fuel takes place, A smoke- 
pipe, P, connects the fire box to the chimney. Natural draft 
is employed in practically every case. Stoves may be obtained 
wherein practically any known fuel may be burned. Heat is 
transmitted from a heating stove by direct radiation, conduc- 
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tion, and convection. The warming ej0S.ciency of the average 
heating stove is (Table 583) 70 to 80 per cent., whereas, with 
the cooking stove, only about 1 per cent, of the heat of the 
fuel is actually utilized for cooking. 

Note. — The Woodwork Located Near Stoves Which Are Oper- 
ated In Wooden Btjiddiktgs Should Be Fireproofed. — ^An eifective 
and comparatively inexpensive method of fireproofing a stove is shown in 
Fig. 502. 

587. In comparing hot-water or steam heating systems 
with warm -air- furnace systems : the hot- water and steam 
plants have the advantages that their operation is not affected 
by wind pressures, and that, with them, heat may be readily 
transferred to any part of a building or community. They 
have the disadvantage, as compared with warm air, of about 
two to three times the cost for an equivalent installation. 
The hot-water and steam systems are, in general (Table 
583) somewhat more efficient. Hot-water and warm-air 
systems are more flexible than are residential steam systems 
in that a moderate rate of heating can be produced with them 
whereas the steam systems generally heat either at their 
maximum rate or not at all. Various methods of moderating 
the heat delivered by steam systems installed in large buildings 
have been developed. The hot-water system is about 20 per 
cent, greater in first cost than is the steam. 

588. Hot-water heating systems are of two classes : (1) 
The gravity-return system^ which operates by convection (Sec. 
589)' only. (2) The forced-circulation system, wherein the cir- 
culation of the heated water is effected by a pump. The 
gravity system is effective in and is usually employed only 
in relatively small installations; see following sections. TKe 
forced-circulation system is used in hot-water district heating 
and for large industrial-plant buildings. 

689- The principle of gravity hot-water heating is discussed 
in Div. 5, Transfer Op Heat. The water is heated in the 
boiler (Tig. 508) which is at the lowest point of the system, 
usually in the basement. The heated water then conveys 
the heat to the radiators by convection (Sec. 137) and there 
transfers a portion of its heat to the air of the rooms. The 
water is cooled thereby. Then it, now being heavier than 
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the corresponding column of hot water in the supply pipe, 
falls by gravity to the boiler. There it is re-heated and the 
process continues so long as heat is supplied by the burning 
of the fuel in the boiler. 

Note, — Ik A Gbavity Hot- water Heatikg System All Op The 
Piping Shotjlb Be Entirely Full Op Water. — If it is not full, circula- 
tion cannot occur and it will cease to 
function as a heating system. 

Note. — To compute the pressure 

WHICH CAUSES THE CIRCULATION OF THE 
WATER IN A GRAVITY HOT- WATER HEAT- 
ING SYSTEM the same general method is 
followed as that described in Sec. 256 
for the computation of the pressure 
which produces a draft in a chimney. 

Example. — What pressure head will 
be produced in a hot-water heating 
system wherein the average difference 
in elevation between the boiler and the 
radiators is 20 ft., if the average temper- 
ature of the water in the supply pipe is 
180° F., and that in the return pipe is 
160° F.? 

Solution. — The weight of 1 cu. ft. of 
water at 180° F. is 60,554,7 lb., and at 
160° F. 1 cu. ft. of water weighs 
60.975,4 lb. The difference in weight of 
1 cu. ft. of water at 180° F. and 160° 

F. = 60.975,4 — 60.554,7 = 0.420,7 Ih. 

A column of water 1 sq. in. in cross 
section and 20 ft. in height contains: 

20 -4- 144 = 0.138,8 cu. ft. The difference in weight of this water column 
at 160° F. and at 180° F. = 0.420,7 X 0.138,8 = 0.058 Ih. Therefore, 
the pressure head produced in the system is 0.058 Ih. per sq. in. 

Note. — The circulating pressure obtainable in a gravity 
HOT- WATER SYSTEM IS RELATIVELY SMALL,* as is indicated by the preceding 
example. Hence, in such a system, the piping must be designed and 
erected very carefully so that it will offer minimum frictional opposition 
to the water-flow. In large buildings, or where a number of isolated 
buildings are to be heated by hot water, it is necessary to employ a pump 
to circulate the water; that is, a forced-circulation system must be used 
(see Fig. 529). 

690. Several Methods Of Piping Are Employed In Hot- 
water Heating. — The three principal systems are : 



Fig. 608. — Typical medium-size, 
hot-water heating boiler. In general, 
the same boilers may be used for both 
steam and hot-water heating but 
steam space must be allowed above 
the water in a steam boiler. {Amer- 
ican Radiator Co.) 
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(1) The multi-Lranch or two-pipe system (Figs. 509 and 510), 
which is the one ordinarily used for relatively small buildings 
such as residences. (2) The circuit or one-pipe syUem (Figs. 
511 and 512), which requires no separate return main; this 
feature renders it especially adaptable to those apartment 
houses wherein each apartment has its own boiler, as it elimi- 
nates about half of the basement piping. However, it requires 
larger radiators than the multi-branch system. (3) The 



Fig. 509. — Two-pipe system of hot-water heating. 


overhead system, wherein the distributing main is located on the 
top floor, or in the attic, in each of these the general principle 
is the same. The arrows in the illustrations indicate the direc- 
tions of water flow. 

591. An Expansion Tank Is Required In Hot -water Heating 
Systems. — To insure circulation through the radiators of a 
hot-water heating system, all of the piping must be entirely 
full of water. Hence some means must be employed to insure 
this, and, at the same time, prevent damage by the rupturing 
of some component of the system due to the expansion of the 
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water (which will obviously occur when the water is heated). 
This is accomplished (Figs. 509, 510 and 511) by using an 
expansion tank. When the water in the system is heated, 
it expands into the expansion tank T (Fig. 513), which is 
normally about half full of water. The tank may be vented 
at V to the open air, thus permitting free expansion of the 



Fig. 510. — Re versed-return two-pipe hot-water system. This piping arrangement 
requires a little more pipe than does that of Fig. 509 but it provides circuits of prac- 
tically the same length through all radiators. It thus tends to equalize the resistance 
to flow through all of the radiators. 


water in the system. The expansion tank should be large 
enough to hold 10 per cent, of the water contents of the heating 
system. 

692. There are two methods of expansion -tank operation : 

(1) The open-tank method, wherein the system is open (V, Fig. 
513) directly to the atmosphere. (2) The closed-tank method, 
(Fig. 514), wherein the system is not open to the atmosphere, 
but instead has interposed in it a safety valve, or equivalent 
device, which insures that the pressure on the system will be 
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greater than atmospheric pressure, but which prevents 
excessive increase in pressure in the system. 



Fig. 511. — The one-pipe system of piping for hot- water heating. The radiators on 
the left are properly connected. Those on the right are connected poorly. Note the 
difference. 



one-pipe circuit system of piping hot-water radiators. 
Each radiator receives colder water than the preceding one. Thus, the effectiveness of 
the later radiators is less than that of the earlier. The later radiators should, therefore, 
be made relatively large. 


Explanation.— When The System Is Open To The Atmosphebb, 
The Tempebathre Op The Water In It Cannot Exceeb 212° F — If it 
does tend to exceed 212° F. (which, Table 394, is the boiling temperature 
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of water at atmospheric pressure) the hot water from the furnace, as it 
reaches the tank, will vaporize into and discharge from the tank as steam. 
This limits the water temperature in the open~tank system to 212° P. 
The static head impressed on the water in the boiler, due to the weight 
of the column of water above it, may be such that the pressure on the 
water in the boiler is considerably 
greater than atmospheric pressure. 

The temperature of such water before 
it rises into an open expansion tank may 
be materially above 212° P. But, if it 
is above 212° F., it will vaporize into 
steam bubbles in passing to the tank 
and discharge as such. 

N ow, if a safety valve, which is set to 
operate at a pressure of say 10 lb. per 
sq. in. above atmospheric pressure, is 
placed on the expansion tank, a closed- 
tank system will result. Then, the corresponding boiling tempera- 
ture of the water under the increased pressure (see Steam Table 394) will 
be 240° F, 

Thus, by arranging a safety valve on an expansion tank, the tempera- 
ture, and the effectiveness of the water in the heating system may be 
correspondingly increased. It maintains automatically, on the hot-water 
circulating system, a pressure of say, 10 lb. per sq. in. above atmospheric — 


Oyerf/o¥y ~ — - 


— Conn&cf/orf 
/v'om System 


Fia. 613. — Open-type expansion tank 
for kot-water lieating system. 
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Fig. 514. — Hot-water boiler with pressure-relief valve instead of expansion tank. 


that is, 10 lb. per sq. in. gage (see Sec. 16). But, if the pressure in the 
system exceeds 10 lb. per sq. in. gage, the device will relieve the excess 
pressure. It is connected to the water-supply line and automatically 
keeps the system full. Devices of this character should always be so 
simple that there is practically no possibility of their ever becoming 
inoperative. 


693. Rate of heat radiation from radiators can be measured 
only by the heat they emit. The trend is toward using tlu‘ 
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term Mbh. or 1,000 B.t.u. per hr. The old standard of com- 
parison used to be actual square feet of radiator surface, but 
improvements in designs and the use of extended surface 
types has made the surface an unreliable index of the heat 
output to be expected from a radiator. It has become cus- 
tomary to use the term equivalent square feet in rating radi- 
ators. This is obtained by dividing the actual heat output 
of a radiator tested with steam at 215° in a room at 70° by 
240 B.t.u. per hr, per sq. ft. To obtain the rating for hot 
water at 170°, when the equivalent direct radiation (E.D.B.) 
is given for steam, multiply the E.E.R. by the factor 0.617. 

Notes. — The n'ormal enttraistce aistd esxit temperature eipperences 
OP HOT- WATER RAXHATORS are approximately: (1) For the open system: 
entrance temperature, ISO® B.; exit temperature, 160° F. (2) For the 
closed system: entrance temperature, 220° F.; exit temperature, 200° F. 
In both cases, the temperature drop in the radiator is about 20° F. 
Hence, the average radiator temperature for the open system is about 
170° F., and for the closed system, about 210° F. For the open system 
the heat emitted by the radiator per square foot of E.B.F. is about 150 
B.t.u- per hr., and for the closed system it is about 200 B.t.u. per hr. 

594. The procedure in proportioning the radiating surface 
of a hot-water heating system for a given room or building 

is essentially the same as that used for designing a steam 
heating system. For either hot-water or steam, the amount 
of radiating surface is selected so that the heat which is 
given off by the radiators is just sufficient to compensate for 
the heat loss (Sec. 563) from the room or building. 

696. In steam heating systems, steam (see Biv. 11) is the 
medium whereby the heat is transferred from the location 
where it is generated, usually by the combustion of a fuel in a 
boiler (Fig. 516), to the room or building which is to be warmed. 
Since the steam in the radiators is at a higher temperature 
than the air in the space to be warmed, heat is transferred by 
conduction, radiation, and convection, from the radiator to 
the air in the space. Due to this loss of its heat, the steam 
in the radiator is caused to condense. It thus gives up its 
latent heat of vaporization (Sec. 329) to the room. Since, in 
general, steam-heated radiators operate at higher temperatures 
than do hot-water radiators, less radiator surface is, for 
equivalent conditions, sufficient in steam heating systems. 
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Fig. 616. — Cast-iron steam heating boiler with insulated casing. 



Fig. 516. — Typical medium-size, cast-iron, sectional steam heating boiler. (The 
steam boilers used for large steam heating plants are essentially of the same construction 
as those used for power service, except that they may be designed for smaller pressures.) 
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696. A comparison of the steam as against the hot-water 
heating system may be stated thus: In general, a steam sys- 
tem, unless provided with some form of modulating control, is 
not as economical or as well adapted for moderate climatic 
conditions as is a hot-water system. On cool — not cold — 
days, a small fire will circulate the water in a hot-water system 
satisfactorily, but in a steam system, the fire under the boiler 



Pig. 517. — Two-pipe (basement-main.) system for steam beating. N'ote the sealed 
returns. Without these seals, the steam might short-circuit through the radiators 
nearest to the boiler and not reach the others. 


must always, if any heat whatsoever is to be given ofi by the 
radiators, be sufficient to maintain all of the water in the 
boiler at least at the boiling temperature. Therefore, although 
the first cost of a hot-water heating system may be greater 
than that of an equivalent steam system, the hot-water out- 
fit will, for moderate conditions, probably be more economical 
and satisfactory in the long run. The hot-water system, 
however, has the disadvantage of not being adapted to changing 
the rate of heating as quickly as does a steam system. The 
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great bulk of water in a hot-water heating takes a greater 
length of time to warm. 

597. Direct steam heating systems may be classified with 
respect to: (1) The 'm.ethod of returning the water of condensation 
from the radiators to the boiler, (2) The method of piling, (3) 
Steam pressure. Each of these will be discussed. 

698. The condensation, water in a steam heating system 
may be returned to the boiler by either of two systems : 



Fig. 518. — One-pipe upfeed system of steam heating. The upper, right-hand radiator 
may give trouble due to pipe expansion. 

(1) The gravity -return system, (2) The forced or vacuum-return 
system. The gravity-return system (Figs. 517, 518 and 519) 
comprises a closed circuit, wherein the condensation water 
flows to the boiler by gravity. The forced-return system 
(Fig. 522) is not a closed system. With it, the pressure in the 
supply piping and radiators may be considerably higher than 
that in the return piping. That is, the condensate is returned 
to the boiler by means of a pump, return traps, or both. In 
large vapor systems the air eliminating device (Fig. 520) is 
replaced with a vacuum pump wliich removes the air from the 
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return piping, maintains a vacuum in the return mains of 
10 to 15 in. Hg and pumps the condensate into the boiler. 
The vacuum in the return lines decreases the time required to 
heat Up the system and facilitates the return of condensate. 

699. The principal methods of piping used for steam- 
warmed buildings are; (1) The two-pipe gravity system; Fig. 
517. (2) Two-pipe vapor system; Fig. 520. (3) The one-pipe 



Fia, 619. — One-pipe attic-main for steam heating. Each radiator is shown with a 

different kind of connection. 

upfeed system; Fig. 518. (4) The one-pipe downfeed system; 

Fig. 519. Various other arrangements, which are usually 
modifications of one of these three systems, are employed. 
For all systems, the general principle is the same. 

Note. — and ^^dry” returns (Fig. 517) are so called, respec- 
tively, when the return pipe is below or above the water line of the boiler. 
The wet return insures against short-circuiting through the radiators but 
requires a little more pipe than does the dry return. 

600. A pressure classification of steam heating systems 

is: (1) High-pressure sy sterns are those in which the steam pres- 
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sure in the radiators is 10 lb. per sq. in. gage and above. High- 
pressure systems are seldom used in building warming. (2) 
Low-pressure systems are those in which the steam pressure 






/Return 

Air EJ/immaf/ng.. 

Basement Deviceand / 

Peceii^er Boi/er 


Fig. 520. — Tvro-pipe, gravity-return, vapor heating system. 



Fig. 521. — Thermostatic-trap valve for handling condensate from steam radiators. 

in the radiators is something between atmospheric pressure and 
10 lb. per sq. in. gage. (3) Vacuum systems are those in which 
the return pressure and in some cases the- steam pressure is 
below atmospheric. Practically all building-warming installa- 
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tions for which steam is used as the heat-transmission medium 
are low-pressure systems. Even when the steam is generated 
at high pressure in a power boiler, reducing valves are inter- 



Fia. 522. — Typical exhaust-steam gravity-return heating system. (.Harrison Safety 

Boiler Works.) 

posed between the boiler-main and the steam heating system 
to reduce the boiler pressure to the low heating pressure. 
The average pressure carried in steam radiators is probably 
about 1 or 2 lb. per sq. in. gage. In large buildings vacuum 
systems are usually used. As explained in the following Sec. 
601, an automatic thermostatic trap or valve (Fig. 521) is, 




Sec. 601] 


BUILDING HEATING 


581 


ordinarily in a vacuum system, interposed between the outlet 
of each radiator and the return main. This valve prevents 
steam from entering the return pipe. 

Note. — The pRESstJRE in exhaxjst-steam heating systems (see 
Sec. 607) usually ranges from 1 to 5 lb. per sq. in. gage. A back-pressure 
valve {Bj Fig. 522), which is inserted in the engine-exhaust line to the 
atmosphere, maintains automatically the desired pressure in the heating 
system. A vacuum heating system operating on exhaust steam insures 
a low back-pressure on the engines. 

Note. — The various methods of piping (Sec. 599) may be used 

FOR UTILIZING STEAM AT ANY OF THE PRESSURES listed above. Also, 
any combination of piping and steam pressure may be operated either as a 

/53fb./ ^7^ of Heat 

Converteet info 
Work in a Perfect 
Concfens/ngr Eng^ine 

/0O°E 2Q in/ Vacuum ^ 

13% of Heat iVcrstect 
in Concfenser Circufating 
Water 


X-Condensm0 Unit 

Pig. 523. — Exhaust steam at atmospheric pressure contains an. amount of heat, 
equal to from 80 to 85 per cent, of the total heat of the live steam. 

gravity-return system or as a forced-return system. Thus the arrange- 
ment shown in Fig. 517 might be designated as a tu'o-pipe, low-pressure, 
gravity-return, steam-heating system. 

601. Exhaust Steam, Where Available, Provides A Most 
Economical Source Of Heat For Building Warming. — About 
80 per cent, of the total heat in the steam which is supplied 
to a non-condensing engine or turbine (Figs. 523 and 524) 
is wasted in the exhaust if the machine exhaushs directly 
into the atmosphere. Only about 20 per cent, at most of this 
exhaust steam can be effectively utilized for feed-water heating. 
Hence, even after the boiler feed water has been heated by 
exhaust steam up to 212° F., about: 0.80 — (0.20 X 0,80) — 
0,64 = 64 per cent, of the entire quantity of heat sup]'>lie(l to 


of Heat Comber tecf 
^ into Work /n a Perfect 
Non-condensing Engine 



H ~ Non- Condensing 0111+ 
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the engine is available in remaining exhaust steam for building 
warming. Thus, steam which has first been passed through an 
engine or turbine, and made to do all of the work that it can 
do therein, is, as it exhausts from the non-condensing engine 
or turbine, almost as effective (80 per cent, of the original 

heat is in the exhaust steam) for 
building warming as is high- 
pressure live steam. In one sense, 
the engine or turbine acts merely 
as a reducing valve. Consider the 
following example: 

Ex^mpm. — From Steam Table 394, 1 
lb. of saturated steam at a pressure of 
100 lb. per sq. in. gage contains a total 
of 1,188.8 B.t.u. Also, this 1 lb. of steam, 
after adiabatic expansion to 3.3 lb. per 
sq. in. gage, contains a total heat of 1,052 
B.t.u. Hence even a perfect engine in 
working the steam from a pressure of 100 
lb. persq. in. gage down to aback pressure 
of 3.3 lb. per sq. in. gage, could extract 
only: 1,188.8 — 1,052 = 136.8 B.t.u, per 
lb. from the steam. The greater part of 
the 1,052 B.t.u. wliich is in each pound of steam at a pressure of 3.3 lb. 
per sq, in. gage is usually available for building or other heating. 

Explaistation. — The operation op a typical execatjst-steam 
VACTjtTM-RETURN HEATING SYSTEM will now be explained. Refer to Fig. 
525. Steam is exhausted from the main engine through the main 
exhaust, A. If then passes through the oil separator, D. There it 
divides, part passing to the feed-water heater, B, and the remainder 
passing through C to the heating main, E. The back-pressure valve, F, 
is so adjusted that if an excess of exhaust steam, over that amount 
required for the heating system, is available, this excess is permitted to 
escape through the atmospheric exhaust pipe, G. If the engine stops, 
or if the load is so decreased that insufficient exhaust steam is available to 
produce the desired steam pressure in the heating system, then live steam 
is admitted directly from the boiler through the pressure-regulating 
valve, H. 

The vacuum pump, J, delivers the condensate and air from the main 
return, *1, to the receiver, K. The air escapes from K through the vent, 
L, and the condensate flows through the loop, M, to the feed-water 
heater, from which it is returned to the boiler by the boiler-feed pump, X. 
The pump governor, R, which is connected to the live-steam main through 
pipe O, and to the return main through pipe, P, so operates as to auto- 



Fig. 524. — Exhaust steam avail- 
able for heating, (The area WXYZ 
represents the total heat in the coal. 
The area B represents, approxi- 
mately, the heat used and wasted 
in the engine. The area C repre- 
sents, approximately, the heat in the 
exhaust steam, most of which may 
be utilized in building warming.) 
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L the heating-system returns. 
. radiator be equipped with a 
pass, but not steam. Such a 

the open position. As steam 
lows, B, which is filled with 


Hot yYatgrnr 
Tanh 

Duty, ^ 
crp 


^\~\trcuum 

'pressure 

I Gays 


Vacuum Pump 


Fia. 625- — Typical (Webster) system of piping for exhaust-steam heating. 


a volatile liquid, the liquid vaporizes. Then B expands, and closes the 
valve. When air or water enters the trap, B is thereby cooled. It 
then contracts, thus opening the valve, and permits the air or water to 
flow or be pumped out of the radiator. Wlien all of the air and water 
has escaped, steam will again surround B and the cycle will be repeated. 

An exhaust-steam hot-water heating arrangement is shown in Pig. 526. 
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602. Control of steam heating system is necessary to prevent 
overheating and to bring about economical use of steam and 
fueL Heating systems must be installed with sufficient radi- 
ator capacity to supply the heat necessary to take care of the 
lowest winter temperatures usually encountered. In many 
localities these low temperatures prevail for a total of only 



Fig. 526. Office adjacent to a factory h.eated by an exhaust-steam hot- water system. 
The advantages of hot-water heating are under certain conditions realized even though 
the heat is derived from exhaust steam. 

a few weeks during the entire heating season and during most 
of the time the radiators are capable of supplying much more 
heat than is necessary to maintain comfortable conditions. 
Unless some kind of control is provided, overheating will result 
and windows will be opened to cool rooms off, thus wasting fuel. 

603. Methods For Controlling The Steam Heating Sys- 
tem. — There are three basic methods by which the heat emitted 
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by the radiators of a steam heating system can be controlled, 
that is, (1) by alternately turning on and off the steam supply 
to the radiator; (2) by supplying measured quantities of steam 
.so as to heat only a portion of the radiator; and (3) by decreas- 
ing the pressure of the steam in the radiator, hence decreasing 
its temperature and consequently the heat emitted. 

604. On And Off Method Of Control. — This method is used 
almost universally in residential heating systems and also in 
many large buildings. In residential heating plants, steam 
is shut when the house gets to the proper temperature by 
merely closing the boiler dampers or, if the boiler is oil fired, 
by shutting down the burner. The action may be made auto- 
matic in either case by applying a thermostat-controlled 
motor to the boiler controls. In large installations this 
method is not applicable, and the inlet valves of each radiator 
are arranged so they may be closed as required. Valves with 
individual direct-acting thermostats are made for this purpose. 
In other systems the radiator valves are operated by air pres- 
sure under the control of a thermostat. Usually one thermo- 
stat controls a group of valves. 

605. Control By Partially Heating The Radiator — Orifice 
System. — In this system an orifice is installed at the inlet to 
each radiator sized so that, with design steam pressure on the 
heating mains, the quantity of steam flowing into the radiator 
will be equal to the amount that the radiator can condense when 
the room temperature is 70"^. With design steam pressure 
and correctly sized inlet-orifice plates, the radiator will be hot 
all the way across and only condensate will flow into the return 
connection. For this reason it is not necessary to have outlet 
steam traps with this system. If, now, the steam pressure in 
the steam main is decreased, the flow through the radiator 
orifice will decrease approximately in the ratio of the square 
root of the actual absolute pressure to the square root of the 
absolute design pressure. Because of the decreased flow the 
radiator will be only partially heated. By varying the steam 
main pressure the steam flow, and hence the amount the radi- 
ator is heated, may be adjusted to meet all conditions of weather 
encountered during the heating season. Installation of radi- 
ator orifices also causes an equal distribution of steam among 
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all the radiators and results in all radiators heating up equally 
fast. This is because the resistance to steam flow introduced 
by the orifice is much greater than the resistance offered by the 



Fig. 527. — Three types of radiator inlet orij&ces. 


steam piping. In orifice heating systems, steam pressure is 
usually regulated by a pressure-reducing valve. The pressure 
adjustment of the reducing valve is often controlled by an 



Fig. 628. — Flow through radiator orifices at various pressure differentials. 


outdoor or indoor thermostat or manually from a central con- 
trol point. 

606. Zoned Orifice Systems. — ^The sunny side of a building 
requires less heat to maintain comfort than does the shady 
side. Likewise air leaking in through walls and windows on 
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the windy side requires heat to warm it to room temperature. 
Thus, if enough heat is furnished to keep the shady and windy 
side comfortable, the sunny side will be overheated and hence 
an unnecessary quantity of heating steam is consumed. 
Conditions of occupancy also require di:fferent temperatures 
for comfort and different amounts of heat. For example, 
an office must be kept warmer than manufacturing spaces. 
Fuel or steam consumption may be reduced as much as 35 per 
cent, by dividing the heating system into zones arranged to 



Fig. 529. — Typical zoned orifice heating system with five zones. 


supply the different demands for heat according to the type 
of occupancy or building exposure. With an orifice system 
as many zones as required may be provided by placing a 
thermostatic or remote, manually controlled, reducing valve 
in the steam supply line to each division of the system, as 
indicated in Fig. 529. Each reducing valve can be separately 
adjusted to maintain whatever pressure is necessary to provide 
the right amount of heat to each individual zone. 

607. Differential Vacuum Heating. — The amount of heat 
emitted by a radiator varies directly as the difference^ betweem 
the radiator and room temperatiircss. ''Fhe dift(T‘ential, 
vacuum heating system makes use of this principle and lowers 
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or raises the temperature of the radiator according to heat 
requirements- The temperature of the radiator is decreased 
by lowering the pressure of the steam supplied to the radiator. 
Thus when little heat is required, the pressure in the radiator 
may be lowered to 20 in. vacuum which gives a corresponding 
steam tempei'ature of about 162°. When weather is severe, 
pressure in the radiator is increased to, say, 2 lb. gage which 
corresponds to a temperature of about 218®, thus increasing 
the radiator output by 34 per cent. The controls of this 
system are arranged to maintain a constant differential pres- 
sure between steam and return lines at all times. The traps 
at the radiator outlet are of a type that function at all pressures 
from 25 lb. gage to 25 in. vacuum. Radiator orifices are also 
used with this system to secure even distribution. 

608 . The requisite grate area for steam and hot-water 
boilers for building -warming service may be computed by 
the following formula: 


(362) 


1.25Q 

HWE 


(square feet) 


Wherein: A = grate area of steam or hot-water boiler, in 
square feet. Q = total heat to be supplied by boiler, in 
British thermal units per hour, from the building as deter- 
mined by For. (356) or (361). H == heat value of the coal, 
in British thermal units per pound; see Table 451. W = 
weight of coal burned, in pounds per hour per square foot of 
grate surface. E = boiler, furnace, and grate efficiency. 

The DERrvATiONT OP For. (362) is similar to that of For, (368), which 
is presented under Sec. 621. In For. (362), it is assumed that 20 per cent, 
of the heat in the steam which is available for warming the building is lost 
in the piping. For values of H, see Table 451. W will, for 8-hr. firing 
periods, vary from about 4 to 8 lb. per hr. per sq. ft. of grate area. For 
boilers with grate areas which exceed about 20 sq. ft., a rate of coinbus- 
tion of 10 to 15 lb. per hr. per sq. ft. of grate area can be maintained by 
constant attendance, with short firing intervals. Approximate values of 
E may be obtained from Table 583. 

Note. — Boieer Capacities May Be Stated In Terms Of The 
Boiler Horsepower. By definition (see Sec. 500): 1 boiler hp. is equal 
to 34.5 lb. of water evaporated per hour, from and at 212° F. Since the 
latent heat of steam at 212° F. is (Table 394) 970.4 B.t.u. per lb., 1 
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boiler hp. is equivalent to: 970.4 X 34.5 = 33,479 B.t.u. per hr. Also, 
since 1 sq. ft. of equivalent radiation has, at a temperature of 215® F., a 
heat emission of about 240 B.t.u. per sq. ft. per hr., 1 boiler hp. will 
supply: 33,479 -s- 240 = 139.4 sq.ft, of steam radiation, or: 33,479 -5- 170 
= 197 sq. ft. of hot-water radiation. In using these values for computing 
the boiler-horsepower rating or grate area of a boiler to supply a given 
area of radiation, allowance must be made for the loss of heat in the pip- 
ing. This is usualh^ done by adding about 25 per cent, of the total 
radiator area. Additional capacity should also be provided to take care 
of the heating-up load. Coal-fired boilers are usually selected with a 
maximum continuous output 60 to 80 per cent, in excess of heat output 
of radiation plus piping. 

Example. — What grate area will be required for a steam boiler which 
is to heat a building having a heat loss of 160,000 B.t.u. per hr., if 6 lb. 
of Illinois soft coal is to be burned each hour on each square foot of grate 
surface? The boiler-and-grate efficiency is assumed to be 70 per cent. 
SoLXJTioisr. — By Table 451, the heat value of Illinois soft coal — 10,000 
B.t.u. per lb. The total heat to be supplied by the boiler at maximum 
rating, allowing for pipe loss and heating up, is (160,000 X 1.25 X 1.60) = 
320,000. By For. (362), the required grate area. A, — 1.25Qr/HWE == 
1.25 X 320,000 (10,000 X 6 X .70) = 9.5 sq.ft. 



Fia. 530. 531. 

Fia. 530. — Diagram of elementary indirect heating system. 

Fig. 531. — Warm-air furnace with cold-air ducts so constructed that a portion of thn 
air may be recirculated, and the remainder taken from the outside. 


609. Btiilding warming by indirect heating (Fig. 630) 
consists of heating air, by causing it to pass over a hot radiator 
and then leading the air through suitable ducts to the room 
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wbich is to be beated. Thus in. indirect heating, air is the 
medium whereby the heat is transmitted from the hot metallic 
surface to the room. 

610. The three principal methods of indirect heat are: (1) 
The gravity system (Fig. 531), wherein the air flow is pro- 
duced by convection (Div. 5); the gravity system is usually 



Fig, 532. — A pipeless warm-air furnace. 


employed in conjunction with a warm-air furnace (Sec. 612). 
(2) The hot-blast or 'plenum system (Fig. 544), wherein the air 
flow is accelerated by power-driven blowers or fans, F , In the 
hot-blast system (Sec. 614), the air is passed over a heater 
constructed of pipes, tubes, or cast-iron sections, which 
contain steam, hot water, or hot gas — or an electric heater 
might be used. (3) System employing unit heaters located in 
the space to be heated. Unit heaters are provided with fans 
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which blow air through extended-surface steam-heated 
radiators. 

611. A pipeless warm-air furnace (Figs. 127 and 532) 
circulates the air by convection. With a fire in the fire pot, P, 
(Fig. 532) the air in the chamber, C, upon being heated, expands 
and is pushed upward into the room by the now-heavier cold 



air in the outer casing. The cold air is thus drawn from the 
room and replaced by the heated air, which warms the room. 
The circulation of the warm and cool air through the building 
is represented by the arrows in Fig. 409. 

612. The usual type warm-air ftxrnace has warm-air pipes, or 
ducts, which conduct the warm air to the room registers and 
lead the return air back to the furnace. Modern warm-air 
furnaces are arranged for oil burners and provided with blowers 
to force positive air circulation. In these units air filters 
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clean the dust out of the air supplied, and humidifiers add 
moisture to keep the warm air at proper relative humidity. 

613. The location of the warm- and cold-air registers 
within a room should be given particular attention. Experi- 
mental results of air-passage through a room with various loca- 
tions of the warm- and cold-air registers are shown graphically 



Fig. 534. — Room ventilation — Fig. 536. — Air introduced on side, 

warm air introduced at bottom, dis- discharged at top. 

charged at top. 



Fig. 538. — Air admitted at bottom, Fio. 539. — Air admitted near top, dis- 

di.scharged near bottom. charged near bottom. 

in-Figs. 534, 535, 536, 537, 538, and 539. Fig. 539 shows the 
preferable arrangement. It follows that an improper location 
of the registers may result in poor ventilation. The ventila- 
tion will be poor if the air passes through the room above the 
‘^hreathing line,^^ because then the fresh air cannot he utilized 
by the occupants. 
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614. The hot“blast or plenum system of building^ waxm-- 

ing (Fig. 540) is particularly adaptable for warming such rooms 
as are to be occupied by a large number of persons, thus 
necessitating the introduction of a considerable quantity of 
air for ventilation. The cold air, which is taken from the 
outside (Fig. 540), first passes through a radiator or tempering 
stack, T. 


Explanation - — In passing through T, the air is warmed so that in cold 
weather there will be no tendency to freeze the air-washing and humidi- 
fying water TT. Another function of T is that, by raising the temperature 
of the air before the air passes through TF, it causes the air to absorb more 
moisture than it would if it were cold when passing through TF. Thereby 



Fig. 540. — Plenum system of school-room heating and ventilating. ^American Radiator 

Co.) 


the relative humidity (Sec. 331) of the air in the rooms is increased. 
The air now passes from Tl" and into the power-driven blower, E, by 
which it is forced through the main heating stack or radiator, H, the 
warrn-air duct, A, and into the room or rooms to be heated. The air, 
which is cooled in the room, passes from the room to the outside of the 
building through the cold-air register, C. Supplementary steam-heated 
wall radiators are employed in this installation to heat the cold air which 
filters through the windows, thus keeping the floor warm. A by-pass 
damper, P, is provided for controlling the room temperature. This it 
does by permitting the introduction of tempered cool air when neces- 
sary. These dampers are controlled pneumatically by the action of the 
automatic thermostat, G. 
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616. Unit heaters are of two types: suspended units, Fig. 
542, and floor-type units. Fig. 541. They are used mostly 
for heating industrial establishments, factories, garages, and 
stores. Both types operate on the same principle, that is, air 
taken from the room is forced over extended-surface steam- 
radiator elements and discharged at relatively high velocity 
(400 to 1,000 f.p.m.) into the space to be heated. The high 



Fig. 541. — Typical floor-mounted industrial heating unit. 


velocity of the air over the radiator and its extended surface 
result in high heat transfer and hence large capacity from rela- 
tively small units. Vanes at the outlet of the heater direct 
the heated air (usually at temperature between 105 and 130°) 
so that it does not strike any of the occupants in the room. 
The high velocity also carries the air well away from the unit, 
causing turbulence and uniform heating. In large spaces 
several units are placed about the room to promote uniform 
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heating of the entire area, as in Fig. 543. Suspended units 
usually have propeller fans ; floor units usually have centrifugal 
blowers. 



Pig. 642. — Typical suspended unit heater 



Fig. 543. — Typical location of unit heaters for good distribution of heat. 


616. Adv'antages of unit heaters are that they (1) require 
less piping, (2) give quicker heating of space to be heated, 
(3) can be used in summer for cooling, (4) give ease of control 
by starting or stopping the fan motor either automatically with 
a thermostat or manually, and (5) are less costly to install. 

617. The quantity of air required for building warming 
may be computed by the following formula: 
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(363) V = 

Wherein: F = volume of air, in cubic feet per hour, . required 
to warm the room. = heat loss from building, in British 

thermal units per hour, as computed by For, (356) or (361). 
Ti = temperature of air, in degrees Fahrenheit leaving 
the warm-air register. T 2 = room temperature, in degrees 
Fahrenheit. 



COMBINATION 
FLOAT AND 
THERMOSTATIC 
TRAP. 



riG. 544. — Pipe connections for a unit heater in a vacuum-pump system. 

Derivation. — By Sec. 575, 1 B.t.u. will raise the temperature of 55 <;u. 
ft. of air 1° F. Hence, V 55 = quantity of heat, in British thermal 
units, required to raise V cubic feet of air 1° F. ; conversely, F 55 = 
quantity of heat, in British thermal units, given off by V cubic feet when 
the temperature decreases F. If air enters the room at a temperature 
of degrees Fahrenheit and leaves at Tz degrees Fahrenheit, the tem- 
perature decrease is (Ti — T 2 ) degrees Fahrenheit. Therefore, (V -i- 
55) X (Ti — Ta) == quantity of heat given off by V cubic feet of ah' when 
it enters at T 1 degrees Fahrenheit and leaves at T 2 degrees Fahrenheit. Tlu^ 
cluantity of heat supplied to the room per hour to maintain a constant 
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temperature therein, must (Sec. 561) be equal to the quantity of heat, 
Qt, lost from the room per hour. Or, 

(364) -—(Ti — T 2 ) = Qt (B.t.u. per hr.) 

Transposing For. (364): 

(365) 

Which is identical with For. (363). 

Example. — If the temperature of the air leaving the register is 130'’ F., 
how many cubic feet of air will be required per hour to maintain the room 
of the Example under Sec. 574 at a temperature of 70® F.? Solution. — 
By For. (363), the quantity of air required, V — 55 Qt/(Ti — T 2 ) — 55 X 
28,920 (130 “ 70) — 263610 cu. ft. per hr. 

618. The requisite temperature of the iricoinmg air in 
a room may be computed by the following formula. This 
formula is obtained by a transposition of For. (363). 

(366) Ti = + T 2 (degrees Fahrenheit) 

Wherein all symbols are as explained under For. (363). 

Example. — A certain school room, which is to be warmed by warm air, 
has a heat loss of 50,000 B.t.u. per hr. when the room temperature is 
70® F. It is to be occupied by 30 students. What should be the tem- 
perature of the incoming air to maintain the room temperature at 70® F. ? 
Solution, — :The quantity of fresh air required for ventilation = 30 X 
1,800 = 54,000 cu. ft. per hr. If each person emits (Sec. 561) 400 B.t.u. 
per hr., the net heat which must he supplied — 50,000 — (30 X 400) = 
38,000 B.t.u. per hr. By For. (366), the temperature of the incoming air, 
Ti = (55Qt/V) 4- T 2 = (55 X 38,000 54,000) + 70 == 108.7® F. 

619- Either All Or A Portion Of The Air In An Indirect 
Heating System May Be Taken From The Outside ; It May All 
Be Recirculated. — In warming rooms which are to be occupied 
by only a few people, the infiltration air (Sec. 570) may be 
sufidcient for ventilation purposes. In such cases all of the 
air which passes through the furnace may be taken from 
within the building as in Figs. 127, 410 and 532. If infiltration 
is insufidcient for proper ventilation, all of the air may be taken 
from the outside, as in Figs. 530 and 540. Or, as shown in 
Fig. 531, only a part of the air may be taken from the outside. 
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As will be demonstrated by the following example, a large 
heat-saving may be effected by recirculating a portion of the 
air. 


Note. — The most satisfactory temperature for the air as it 
ENTERS THE ROOM FROM A WARM- AIR REGISTER has been fouiid by experi- 
ence to be between 130 and 140° P. 

Example.— An office room occupied by 10 persons has, with a 70° P. 
inside temperature and 0° F. outside temperature, a heat loss of 36,000 
B.t.u. per hr. The temperature of the air issuing from the register is to 
be 140° F. Under these conditions, how much fresh air should be brought 
in from the outside per hour? How much may be recirculated, and what 
is the heat-saving effected by such recirculation? 

Solution. — By Sec. 578, allowing for the heat given ojff by the 10 
people in the room, 36,000 — (10 X 400) = 32,000 B.t.u. per hr. must be 
supplied the room by artificial means to maintain a 70° P. room tempera- 
ture. By Sec. 575, 10 X 1,800 = 18,000 cu. ft. of air per hr. which should 
be brought in from the outside for ventilation. The total quantity of air 
to he circulated is, by For. (363), V = 55Qr/(Ti — T^') = 55 X 32,000 -f- 
(140 - 70) = 25,150 cu. ft. per hr. Therefore, (25,150 - 18,000) = 
7,150 cu. ft. per hr. can be recirculated without impairing the ventilation. 
Since this 7,150 cu. ft. per hr. leaves the room and enters the furnace at 
70° P., it is only necessary to supply sufficient heat to it, to raise its 
temperature through (140 — 70) = 70° P., whereas if it were taken from 
the outside a temperature increase during severe winter weather of 
(140 — 0) = 140° P. would be required. Therefore, a saving of (7,150 
55) X (140 -- 70) = 9,100 B.t.u. per hr., is, in this instance, effected by 
the recirculation. Without recirculating any air there would be required 
(25,150/55) X 140 = 64,108 B.t.u. per hr. Hence, the saving, in this 
instance, = 9,100 -t- 64,108 = 0.142 or 14.2 per cent. 

620. The ratio between the quantity of heat supplied 
to the warming-air and Qt may be determined by; 


(367) 


^ _ (T^ - To)Vo + (T^ 

^ 

0.02 


Wherein all temperatures are expressed in degrees Fahrenheit 
and: Qr = quantity of heat, in British thermal units per 
hour, lost from the room as computed by For. (356) or (361). 
X = ratio between the quantity of heat Qfj supplied by the 
furnace to the warming-air, and Qt. Qf = heat, in British 
thermal units per hour, supplied to the warming-air by the 
furnace. Tf = temperature of the air leaving the furnace 
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cap- To = temperature of the outside air. = room 
temperature. Ti = temperature of the air leaving the warm- 
air register. Vo = quantity of air, in cubic feet per hour, 
taken from the outside. Vc — quantity of air, in cubic 
feet per hour, which is recirculated. H = quantity of heat 
in British thermal units per hour supplied by occupants, 
lights, etc. 

Derivatioit. — Since (Sec. 575) it requires 0.02 B.t.u. to raise the 
temperature of 1 cu. ft. of air 1° F., the total quantity of heat, in British 
thermal units per hour, supplied by the furnace to the air which is brought 
in from the outside = 0.02 (Tj? — To')Yo, The heat, in British thermal 
units per hour, supplied hy the furnace to the air which is recirculated — 
— 2 ^ 2 ) Fc- Then, the total heat, Qp, in British thermal units per 
hour, supplied hy the furnace to the warming-^air = 0.02 (Tir — To)Vo + 
0.02(TiJ’ — T'f)Yc* The total quantity of air, in cubic feet per hour, sup- 
plied to the room — (Vo + Vc)- The total heat supplied to the room 
must, to maintain a constant temperature therein, be equal to the heat 
lost by the conduction through partitions and the infiltration (Sec. 563), 
which is Qt. By defi.nition, X == Qf/Qt = [0.02(Tir — To)Vo 4- 
0.02(Tjp ^ T 2 )Vc'\/(Vo + Vc)(Tx - ^2)0.02 + H which, when simpli- 
fied becomes For. (367). 

Note. — The maximum temperature conditions usuaduy assumed 
IN warm-air furnace computations for substitution in the above 
formula are: (1) Temperature of air leaving furnace cap, Tf == 180® F, 
(2) Temperature of outside air, To = 0° F. (3) Room temperature, T^ = 
70® F. (4) Temperature of air leaving warm-air register, Ti = 140® F. 

621. The requisite grate area for warm-air-furnace building 
warming is dependent upon: (1) Inside-outside temperature 
difference. (2) Temperature difference between the air leaving 
the furnace cap and the air leaving the warm-air register. (3) 
Quantity of air recirculated. (4) Heat value of the coal. (5) 
Furnace efficiency. (6) Rate of combustion. The grate area 
which will be required for warming any room or building 
may be computed by the following formula: 

(368) A = (sq. ft.) 

Wherein: A = grate area, in square feet. X = ratio between 
the quantity of heat supplied to the warming-air and the 
heat given up to the room or building as determined by For. 
(368). Qt = beat loss, in British thermal units per hour, 
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from the room or building, as determined by For. (356) or 
(361). W = weight of the coal burned, in pounds per hour 
per square foot of grate surface. E = furnace-and-grate 
efficiency expressed decimally. H = heat value of the coal, 
from Table 451, in British thermal units per pound. 

HEitiVATiON. — ^The total heat generated per hour by the combustion 
of the fuel in the furnace is equal to: {Area of the grate in square feet) X 
{Number of pounds of coal burned per hour on each square foot of grate 
surface) X {Heat value of the coal in British thermal units per pound). 
And this multiplied by the fractional part of the heat, E, which is trans- 
mitted to the warming-air (furnace-and-grate efficiency) results in the 
total heatj Qf, in British thermal units per hour, supplied to the warming- 
air by the furnace. Expressing the above symbolically, wherein all sym- 
bols are as specified under For. (368) : 

(369) Qf == AHWE (B.t.u. per hr.) 

Transposing For. (369) : 

(370) HWE (square feet) 


By For. (371), Qf == XQt. Substituting this value of Qi?» in For. (370): 


(371) 


A ^ 

HWE 


(square feet) 


Which is identical with For. (368). 

Note. — Values usually assumed ijst warm- air furnace compu- 
tations for substitution in For. (368) are: (1) Heat value of the coal 
{anthracite) j H, = 12,000 B.t.u, per lb.; also see Table 451, (2) Weight 

of coal burned, W, usual rate == 4 Z6. per hr. per sq. ft. of grate surface; 
maximum rate in extremely cold weather = 8 Ih. per hr. per sq. ft. of grate 
surface, (3) Furnace-and-grate efficiency, E, = 60 to 70 per cent.; see 
Table 580. 

EIxamplb. — Basing the computation on the usual assumptions, what 
grate area will be required to warm a building which has a heat loss of 
101,800 B.t.u. per hr., if 25 per cent, of the air is to be recirculated? 
Assume no heat given up by occupants or lights. 

Solution. — By For. (365), the quantity of air required per hour = V = 
55 Q 7 ’/(Ti - T 2 ) = 55 X 101,800 ^ (140 - 70) = 80,000 ft. The 
quantity of air recirculated, Vc ^ 0.25 X 80,000 = 20,000 cu. ft. per hr. 
Therefore, the quantity of air which must be brought in from the outside, 
Vo = 80,000 ~ 20,000 - 60,000 cu./i, per hr. By For. (367), X = {{Tf 
- To)Vo + {Tf - T^,)Vc]/[{Vo + Fc)(Ti - T^)] - [(180 - 0)60,000 + 
(180 — 70)20,000] ^ 80,000(140 - 70) - 2.3. By For. (368), the 
required grate area, A == XQj’/HWE = 2.3 X 101,800 ~ (12,000 X 8 X 
0.65) = 3.75 sq. ft. 
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622. The proper size of the air ducts and the registers 

may be computed upon the following basis: It is ordinarily 
assumed that the air velocities in the warm-air ducts in gravity 
warm-air heating systems are: (1) First floor, 4 ft. per sec. 
(2) Second floor, 6 ft. per sec. (3) Third floor, 8 ft. per sec. 
Therefore, the size of the warm-air duct may be computed by: 

(372) (square feet) 


Wherein: A = area, in square feet, of warm-air duct, v = 
velocity, as above specified, of air through duct, in feet per 
second. V = volume of air, in cubic feet per hour, as com- 
puted by For. (363). 3,600 = number of seconds in one hour. 


Note. — The overall, area op the warm-air registers should he 
from about 1.5 to 2 times the area of the warm-air duct, depending upon 


the amount of free area of the register. 
The areas of the cold-air duct and 
register should be about 0.75 times 
those of the warm-air duct and register, 
respectively. 

Note. — The allowable air velo- 
city FOR PORCEH-nRAFT WARM- AIR 

heating (Sec. 614) may, if the warm- 
air registers are placed above the heads 
of the occupants, be as high as 10 to 12 
ft. per sec. 

623. The direct-indirect meth- 
od of building warming (Figs. 
545 and 546) provides for the 
circulation of either inside or out- 
side air through a radiator of the 



flue type. The radiator is con- Piq- 
nected to the outside air by a cold- 


545. — Diagram of direct-indi- 
rect heating radiator. 


air duct, A (Fig. 545), and to the inside air by a box base, B. 


The surface of the radiator which is exposed to the room gives 


off heat by radiation and convection just as does a direct- 
heating radiator. The cold-air which enters from the outside 
passes, by convection, up through the vertical flues, thus 
supplying heat to the room in the same manner as an indirect 
heating system. By adjustment of the dampers, Di and D^, 
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the proportionate amounts of outside and inside air which are 
circulated may be varied as desired. The direct-indirect 
heater, Fig. 546, has a blower which provides forced circula- 
tion and automatic dampers. The mixing damper controls 
the temperature of the leaving air. 


Discharge 
Gri/ie 



Radicffor^ 

Baffle 

Mixing _ 

D'ctmper 

Motor- driven 
Fans 

Fresh A'lr and}, 
Recircu/af/on 
Damper 

RecJrcufatioi^jJc 
Gri/ie 

Pneumatic 
Control of Fresh 
Air and Recircu/ahon 
Damper 


Wait Box with 
Stationary Louvres 


Fia. 546. — Ventilating -anit with radiator for heating or cooling and controls. 


624. The rate of heat emission of an electric heater (Fig. 
494) may be computed by the following: 

(373) Q = Watts X 3.415 (B.t.u. per hr.) 

Wherein: Q — heat given off by heater, in British thermal 
units per hour. Electric heaters are, when considered upon 
the basis of the proportion of the electrical-energy input to 
the heater to its heat-energy output, 100 per cent, efficient, 
since all of the electrical energy consumed is transformed into 
heat energy. 

Example.— Since the room of Pig. 497 requires 28,920 B.t.u. per hr. 
to maintain it at 70° P., the rate of electrical energy expenditure or the 
power necessary to thus maintain it at 70° F. would be — transposing 
For. (373): WaUs = Q/3.415 = 28,920 -f- 3.415 = 8,468 watis. 


QUESTIONS ON DIVISION 17 

artificial building warming necessary? 

2. What are the principal factors which must be considered in planning a heating 
system? 
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3. Name three distinct sources of building warming. Which is the most important 
source? 

4. Name the three methods of transference whereby heat may be transmitted to a 
room. 

6. If a constant temperature is maintained within a room, to what must the rate of 
heat-supply thereto be eq.ui valent? 

6. What is the procedure in designing a heating installation for a room or building? 

7, In what three ways is heat lost from a room or building? 

8- What factors determine the quantity of heat which is lost from a building by 
conduction? 

9. What are the usual inside-outside temperature-difference assumptions which are 
made in building-warming computations? 

10- What are the factors which determine the infiltration heat loss from a room? 

11. Explain how the direction of exposure affects the loss of heat from a building. 
What method is used to compute the heat loss due to exposure? 

12. How many British thermal units of heat are required to raise the temperature of 
1 cu. ft. of air 1° E. ? 

13- What is the rate of fresh-air supply which should be allowed for each occupant 
of a room? 

14. Derive the general formula for computing the total heat loss from a room. 

16. Derive Carpenter’s formula for heat loss. 

16. What is the maximum percentage variation which may be expected between 
results as obtained by the application of the general and Carpenter’s formula to the same 
building? 

17. What is the rate of heat supply to a building by each occupant? By each lighted 
electric lamp? By each motor? 

18. Explain the effect of humidity on the comfortableness of a room. What should 
be the relative humidity within a room? Explain effective temperature. 

19. Name several ways by which moisture may be supplied to a room. 

20. What are the principal methods of warming buildings? Define each. 

21. Name the more common types of apparatus which are used for building warming. 

22. Give a graphical statement of steam and hot-water heating-plant eflBciency. 

23. Give a summary of the applications, advantages and disadvantages of the various 
methods of building warming. 

24. What is the principal means by which heat is transmitted to a room by an open 
grate fireplace? By a stove? 

26. Explain by a sketch an economical method of fireproofing the adjacent surround- 
ings of a stove which is located within a wooden building. 

26. What are some of the advantages which hot-water and steam-heating systems 
have as compared to warm-air? What are some of the disadvantages? 

27. What two systems may be employed in hot-water building warming? For what 
condition is each system applicable? 

28. Explain with a sketch the principle of the gravity hot-water heating system. 

29. Name three methods of piping which are employed in hot- water heating. Make 
a sketch of each. 

30. Why is an expansion tank necessary in a hot- water system? Explain two methods 
of expansion tank operation and give the usual average radiator temperature employed 
with each. 

31. How are radiators rated? 

32. In what three ways may direct steam-heating systems be classified? 

33. How may the condensate be returned to the boiler? 

34. Name three methods of piping which are employed in steam heating. Make a 
sketch of each. 

36. Give the pressure-classification limits of steam-heating systems. What is the 
average steam pressure, in pounds per square inch, within direct-heating steam radiators? 

36. Define the vacuum system of steam heating. 

37. Why is it frequently economical to employ exhaust steam for building warming? 

38. How are heating systems controlled? 

39. Explain the effect of an orifice in the radiator inlet- 
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40. What is the advantage of a zoned-orifice heating system? 

41. Draw a sketch of and explain each of the two principal methods of indirect heating. 

42. For what condition is each method applicable? , 

43- Derive the formula for computing the quantity of air required for building warm- 
ing. What is the most economical value at which to maintain the temperature of the 
air leaving hot-air register? 

44. Explain with a numerical example how a heat saving is effected by recirculation. 

45. Derive the formula for obtaining the requisite grate area for warm-air furnace 
heating. 

46- Draw a sketch of, and explain the direct-indirect method of building warming. 

47. Give the formula for computing the quantity of heat emitted by an electric heater. 

PROBLEMS ON DIVISION 17 

1- The living room of a residence is 14 ft. wide, by 18 ft. long, by 10 ft. high. The 
room has a southeast exposure. There is 100 sq. ft. of window surface. Assuming an 
inside-outside temperature difference of 70® F,, what i.s the hourly heat loss from the 
room? (TJse Carpenter’s formula.) 

2. What quantity of heat will be required to raise the temperature of 30,000 cu. ft, 
of air from 0® F. to 70® F.? 

3 . What quantity of heat shoxild be allowed for warming the ventilation air for 150 
people? 

4. A second-story office room is 20 ft. by 20 ft. by 10 ft. For how many persons 
would the infiltration air provide sufficient ventilation? 

6. Forty persons are working in a room of a textile mill which contains a line shaft 
to which 75 hp. is supplied. The room is lighted by sixteen 100-watt electric lamps. 
What will be the rate of heat supply to the roonx per hour by these factors? 

6 . A warm-air-furnace heating installation has an overall efficiency of 55 per cent. 
The hourly heat loss from the building is 50,000 B.t.u. How much 11,500-B.t.u. coal 
must be burned per hour to supply this heat loss? 

7. The total heat loss from a building is 158,000 B.t.u. per hr. How much equivalent 
steam-radiator surface will be required to maintain a constant temperature therein, if 
steam at atmospheric pressure is used for warming? 

8. What grate area would be required for the boiler to warm the building in. Prob- 
7, if the boiler-and-grate efficiency is 69 per cent., and if 7 lb. of coal which has a heating 
value of 12,500 B.t.u. per lb. are burned per hour on each square foot? 

9- What volume of air will be required per hour to warm a building which has a 
total hourly heat loss of 70,000 B.t.u., if the temperatures of the air at the warm-air 
and cold-air registers are, respectively, 135® F. and 65® F.? 

10. If 20 per cent, of the air required for warming the building in Prob. 10 is recircu- 
lated, what is the ratio between the quantity of heat supplied to the warming air and 
that which is required to maintain constant room temperature? The temperature of 
the outside air is 0° F. and that of the air leaving the furnace cap is 180® F. 

11. What grate .area will the warm-air furnace of Prob. 11 require if 8 lb. of 11,000- 
B.t.u. coal is to be burned per square foot of grate surface per hour? Assume a furnace- 
and-grate efficiency of 65 per cent. 



DIVISION 18 
REFRIGERATION 

626. Refrigeration is in general the process of cooling bodies 

or, more specifically, it is the process of keeping the tempera- 
ture below that of the atmosphere. But, since cold is just 
the absence of heat, refrigeration may be defined as the process 
of extracting heat. By this latter definition, it is apparent 
that refrigeration is not a science by itself but is merely a 
division of heat engineering. Consequently, it utilizes the 
same general laws that apply to steam engineering, heating 
and ventilating, and all the other branches of heat engineering. 
In studying the subject of refrigeration, it is desirable that the 
reader connect it with the fundamental principles of heat 
which were discussed in the preceding divisions of this book. 
If the subject of refrigeration is studied in this manner (by 
applying the fundamental principles of heat) it can be easily 
mastered. 

Note. — Rbpeiqeration' Is Just The Revebse Pbocbss Op Heating 
And They Both Occub At The Same Time. — ^The radiator wHcli is 
at a relatively liigh temperature in a room heats the room, but at the 
same time the room cools or refrigerates the hot water or steam in the 
radiator. This, however, is called a heating process because the object 
of the radiator is to heat the room. Now the cooHng coil in a cold- 
storage room of a refrigerating plant cools the room, but the room and 
its contents heat the fluid in the cooling coil. In this case the process is 
the reverse of that which occurs in the heating of the room by the radiator. 
It is called a refrigeration process because its object is to cool the room 
and its contents. 

626. Refrigeration Is Used In All Industries Where The 
Cooling Or Freezing Of Substances Is Desired. — It is 
chiefly used, however, for: (1) Preserving foods. (2) Man- 
ufacturing ice. (3) Cooling air. These three uses are 
probably known to every one. It is almost universally known 
that trains are equipped with refrigerated cars (Fig. 547) for 
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the shipment of perishable foods; that ships (Fig. 548) are 
equipped in a similar manner with refrigeration plants; that 
almost every home has an ice-box (Fig. 549) for cooling drinks 





and foods; and that in the summer time theaters (Fig. 550) 
and other large buildings are supplied with cooled air. 

Note. — ^Besides the ajbove commonly known uses of kefbioera- 
TiON THEBE ABE MANY OTHERS, not SO commonly known. Examples 
are: the use of refrigeration for the removal of certain paraffin products 



Fig. 648. — Cross section of ship equipped with refrigeration plant for the shipment of 

perishable foods. 

in the refining of oils; its use in the manufacture of photographic films; 
and its use in shaft sinking in freezing a ring of quicksand so that an 
excavation can be made through the material. These examples are 
given to show the broad application of refrigeration and how its develop- 
ment has influenced many industries. 
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Fig. 649. — Domestic refrigerator. 



Fig. 550. — Air conditioning and cooling equipment for an auditorium. Air enters 
at F, and, in. cold -weather, is warmed by coils, Q and H Otherwise it only passes 
through the washer, J, and the separator baffle plates, A, in which the excess moisture 
is removed. The air then enters the fan, B, and after leaving it, the air may follow one 
of two paths. It may either flow through the heater, D, which serves to heat the air, or 
it can flow through the cooling coils, (7, which cool the air and condense the moisture in it 
and the eliminator or separator, which removes the moisture. The mixing dampers, 
are used to get a proper temperature of discharged air. 
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627, All Refrigeration Processes Are But The Reverse Of 
Heating Processes And The Fundamental Requirements Of 
Both Are The Same.- — Most of the fundamental principles 
given in Div. 17 relating to heating and ventilation apply, in 
general, to refrigeration. In Div. 17 on Building Heating 
it was shown that the chief requirements for a good heating 
system are: (1) ^ well-insulated compartment or room; the 
better the insulation the smaller the heat-generating unit required, 
(2) A furnace at a higher temperature than the room and large 
enough to produce or generate sufficient heat to compensate for 
the heat losses by conduction and infiltration, (3) A carrier or 
medium that will convey the heat from the furnace to the room 
to be heated, (4) Sufficient heating surface so that the heat 
generated in the furnace can he transferred at the desired rate 
to the heating medium. The similar chief requirements for a 
good refrigeration system are: (1) A well-insulated compart- 
ment or room; the better the insulation the smaller the heat- 
absorption unit required. (2) A substance that will absorb 
sufficient heat at or below the required temperature in the room 
to compensate for the .conduction and infiltration losses. (3) 
A carrier that will convey the heat from the room to the cool- 
ing substance or medium. (4) Enough cooling surface so that 
the heat in the room can he transferred at the desired rate to the 
refrigerant. Further similarity and also the disparity of the 
heating and refrigerating processes will be discussed at various 
other places in this division. 

Note. — By '^REFRiaERAN'T^’ is mbaistt the working fluid that does 
the original cooling at the low temperature — at a temperature lower than 
that of the substance to be cooled. Where ice is used, the ice is called 
the refrigerant, while in vapor and gas processes the vapor or gas is 
called the refrigerant; although the condenser cooling water absorbs heat 
from the vapor or gas, it is not called the refrigerant because it absorbs 
heat at a higher temperature than that of the cooled substance. 

Note. — A refrigerator is a box or room for keeping food or other 
articles cool. It includes a refrigerated space and the surrounding 
insulation walls. 

628. To insure maximum economy, a refrigerated space 
should be surrounded by good heat insulation; see Figs. 548, 
549 and other illustrations in this division. It has been 
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shown in Sec. Ill that heat will pass through — or be con- 
ducted by— any substance, but that some substances are 
better heat insulators — poorer conductors of heat — than other 
substances. If these insulators, some of which are relatively 
cheap, are placed around' a refrigerated space, less heat wUI 
leak into the refrigerated space. Consequently, the amount 
of heat that must be absorbed from that space will be greatly 



decreased. In building warming, heat insulation likewise 
reduces the amount of heat (See. 568) that must be furnished 
to the building. But good insulation is not such an important 
a factor in building warming as it is in refrigeration because 
the cost of delivering 1 B.t.u. to a building is only about of 
that of abstracting 1 B.t.u. from a room or building. It is 
because of the high cost of absorbing heat that a considerable 
investment for good heat insulation is justified and economical 
in refrigeration processes. Even small family “ice boxes” 
(Fig. 549) are well insulated. 
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Note. — Various materials have been” used in reprigeration” 
FOR HEAT insulators but the following are the most important ones 
used in eold-sto rage-room walls: cork, wood, paper, mineral wool, shav- 
ings, wood saw-dust, and air spaces. The cross-section of a cold-storage- 
room wall is shown in Fig. 551. If the temperatures on the two sides of 
an insulated wall are known, the rate at which heat will pass through 
the wall may be calculated by the method given in Divs. 5 and 17 and the 
values given in Tables 125 and 569. 

629. The many methods by which refrigeration can be 
accomplished may be divided into two classes : (1) Natural 
refrigeration processes. (2) Mechanical refrigeration processes. 
Natural refrigeration processes are those in which a body is 
cooled without any mechanical work being done during the 
process. In these, the cooling is accomplished by evaporating 
or melting the refrigerant; thereby absorbing an amount of 
heat, equal to the latent heat of evaporation or melting of the 
refrigerant (Secs. 289 and 328), from the body to be cooled. 
Mechanical refrigeration processes are those processes in 
which mechanical work is done in cooling a body. These 
processes also usually cool by absorbing the latent heat of 
evaporation of the refrigerant (which is used over and over 
again) but work is done, as will be explained, in bringing the 
refrigerant back to its original state, In some of these 
mechanical processes, as, for example, in those employing the 
air-machine (Sec. 655), cooling is not accomplished by the 
absorption of the latent heat of a vapor but by the absorption 
of the sensible heat of a gas. 

Note. — These two classes op refrigeration processes may be 
COMBINED, as when manufactured or artificial ice is used in a refrigerator. 
In this case, a mechanical refrigeration process is used to produce the ice, 
while a natural refrigeration process is used when the substances in the 
refrigerator are cooled by the ice. 

630. There are three natxiral refrigeration processes : (1) 

Cooling hy surface evaporation; (2) Cooling by the melting of 
solids; (3) Cooling hy freezing mixtures, 

631. Natural refrigeration by surface evaporation is one 
of the simplest methods of cooling a substance (Sec. 300). 
This method has been used for ages and is still used. In this 
method the surface of the vessel containing the material to be 
maintained cool, is kept wet with a thin film of water. If 
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drinking water is to be kept cool, a porous vessel may be 
used through which the water seeps slowly. Then the water 
that comes through to the outer surface of the vessel evapo- 
rates, and absorbs its latent heat of vaporization from the 
vessel and the drinking water within it. In this way the 
surface of the vessel and the drinking water within are kept 
cool. Other substances may be cooled in the same manner 
by supporting them within the jar above the water. Thus the 
cooling of the water- cools the other substances. In a similar 
manner, the sprinkling of hot pavements in the summer affords 
a cool feeling of relief — -because of the surface evaporation 
of the water on the pavement. There are many other simple 
examples of cooling by surface evaporation, for which see Sec. 
300. This process, however, has never been utilized on a 
large scale except in power-plant cooling towers and ponds. 
Sec. 293. 

Note. — When- wateb evaporates prom the surface op a vessel, 
the evaporating water does not boil but evaporates slowly at the wet-bulb 
temperature. The latent heat of vaporization which is absorbed will 
then be that which corresponds to the wet-bulb temperature. See Sees. 
296 and 313 for definitions of “boil’' and “evaporate.” 

Note. — The miistimum temperature obtainable by surface EVAPOr 
RATION IS the WET-BULB-THERMOMETER TEMPERATURE, SeC. 334. ThuS, 
very low temperatures cannot, under ordinary conditions, be obtained 
by this ’method. Also since the wet-bulb-thermometer temperature 
depends on the humidity (Sec. 333) of the atmosphere, the lowest tem- 
perature obtainable will vary with the humidity. 

Example. — It is desired to cool (by evaporation) water which is at a 
temperature of 60° F. by permitting it to trickle through atmospheric air. 
If the entering atmospheric air is at 70° F. and has a relative humidity 
of 40 per cent., and the leaving air is at 60° F. and 100 per cent- relative 
humidity, how much heat was absorbed by one pound of dry air and its 
vapor content? 

Solution. — From the psychrometric chart. Fig. 323, IDiv. 10, the 
point of intersection between the 70° F. dry-bulb temperature line and 
the 40 per cent, relative humidity line, shows that the wet-bulb tempera- 
ture under the initial given conditions is 56° F. It has been found by 
experiment that the heat content for any given wet-bulb temperature — no 
matter what the dry-bulb temperature — is always the same. Thus, the 
heat content for the air at any initial conditions is the same as the heat 
content for saturated air at the wet-bulb temperature. This heat con- 
tent can be found from the psychrometric chart by following up the 
vertical dry temperature line, 56° F., until curve D is reached, then 
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following along the horizontal line to the left and reading the heat content 
from the scale D. This value is found to be 23.5 B.t.u, In this example 
the wet-bulb temperature of the leaving air would — since the humidity 
is 100 per cent. — ^be the same as the dry-bulb temperature, or 60'’ F. The 
heat content of the leaving air can be obtained in a manner similar to that 
used for the initial condition. That is, it can be obtained by determining 
the heat content of dry and saturated air for the wet-bulb temperature, 
60° F. This is found to be 26.0 B.t.u. Thus, the heat which the air 
absorbed — 26.0 — 23.5 or 2.5 B.t.u. per lb. 

632. Natural Refrigeration By The Melting Of Solids Is 
The Most Common Of All Refrigerating Processes. — The 

solid which is generally used is ice. Refrigeration by the 
melting of ice w^as more extensively employed in the past — 
before other, better methods were developed — than it is 
at present. The melting of ice, however, is still used to con- 
siderable extent for cooling small refrigerators, such as the 
family refrigerator (Fig. 549) in which food stuffs are kept cool 
during the hot summer months but even this is rapidly 
being replaced by automatic mechanical refrigeration. The 
principle underlying the process of refrigeration by the melting 
of ice — or any solid — is simply the fact that when a solid 
melts it absorbs its latent heat of fusion (Sec. 289) from the sur- 
rounding air or objects. The latent heat of fusion of ice is 
144 B-t.u. per lb. This amount of heat is, necessarily, 
absorbed from the surrounding substances whenever 1 lb. 
of ice melts (see Sec. 290). Since pure ice melts, under atmos- 
pheric pressure, at 32° F., the yninimum temperature obtainable 
under ordinary conditions by melting ice is 32° F. 

Note. — Ice Is The Most Convenien't Solid For This Process Ob' 
Refrigeration. — While all solids, such as iron and lead, absorb heat 
when they are melted, still they cannot be used for cooling objects below 
normal atmospheric temperature, because their melting points are too 
high — above average atmospheric temperature. Other solidified liquids 
could theoretically be used for rehigeration by allowing them to melt, }>ut 
their melting points are so low (below atmosiiheric temperature) that 
they would melt during transportation, making them difficult to haridlt*. 
Besides, they would be expensive. In addition, the liquid resulting from 
the melting, being more scarce, would have to be saved. Until recent 
years, natural ice was widely harvested in winter and stored for use in 
hot weather. Now, however, artificial ice (Sec. 658) is largely eliminat- 
ing the necessity of natural-ice storage. Solid carbon dioxide is being 
used increasingly as a refrigerant. Here the solid evaporates directly 
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to a gas and the heat absorbed is both the latent heat of fusion and 
evaporation. The melting temperature of solid carbon dioxide (dry ice) 
is 109°. Upon ihelting it absorbs 240 B.t.u. per lb. 

Example. — An ice-box with an exposure or exposed surface of 40 sq. ft. 
has a leakage of 0.8 B.t.u. per sq. ft. per hr. The heat that must be 
absorbed from warm food which is placed in the box averages 60 B.t.u. 
per hour. What will be the amount of ice melted in the box in 24 hr.? 

SoLTJTioisr. — Heat absorbed by ice in 24 hr. == (40 X 0.8 + 60) X 24 = 
2,208 B.t.u. Ice required = 2,208 144 = 16.3 lb. per 24 hr., when 

latent heat of fusion of ice is 144 B.t.u. per lb. 

633. Air Is Qeiierally The Heat Carrier In The Refrigera- 
tion Processes In Which The Melting Of Ice Produces The 
Cooling Effect. — In the family re- 
frigerator or box^’ (Fig. 549) 

and in the cold-storage room, cooled 
with ice (Fig. 552), the process is 
essentially the same. The ice is 
placed in a bunker at the top of 
the storage space. This bunker 
either may be in the form of a 
tank having one side removed (Fig. 

552) or it may be in the form of a 
tank having three holes in its 
bottom, one at the center and one 
near each side (Fig. 551). Ample 
spaces are provided between the 
sides of the bunker and the sides of 
the room to permit the air to cir- 
culate freely. The floor of the 552.— Ordinary system of cold 

IT. , . , T, - . storage. 

bunker is made watertight and it is 

heat-insulated from the storage space. The air in the vicinity 
of the ice is thereby cooled and creates a natural circulation of 
air, over the ice, through the ducts, and across the cold-storage 
space. The natural circulation of air in a cold storage plant 
is similar to and is governed by the same general laws as the 
natural draft in a chimney; Sec. 256. The flow of air takes 
place because of the difference in pressures due to the differ- 
ence in temperatures (densities) of the air along its path. 
To insure maximum circulation, the temperature difference 
must be as large as possible. This is accomplished by insu- 
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lating the ducts and making them as long as possible. The 
ratio of the height of the cooler to the width between hot and 
cold air ducts should be kept as great as is feasible. 

Note. — The Shape Of The Bxjn-keh Greatey Affects The Air 
CiRcxTEATiON. — If the bunker were of the form of a tank without one side 
removed or were without holes in its bottom, the cold heavy air would 
sink to the bottom of the bunker and remain there; then there would be no 



circulation. If the bunker had both sides removed, the tendency 
would be for the air to flow off the ice in both directions, thereby giving 
rise to conflicting currents of air. The bunker floor should be insulated 
to prevent cooling of the air next to the bunker floor, which would hinder 
circulation. Note also the construction of the ice-cooled railway car of 
Fig. 547. 

Note. — Some Arran'gemejstts The Air Op The Cooler Does Not 
Come In Contact With The Melting Ice. In this case, as shown in 
Fig. 553, the air is chilled by contact with the metallic walls, which in 
turn are cooled by cold air passing over them. 
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634. The Refrigeration Processes In Which Air Is The 
Heat Carrier Are Similar To The Process Of Heating By 
Means Of Hot Air. — In both cases, air is the heat carrier 
in which the heat is temporarily stored for transportation. 
In the warm-air heating system (Fig. 531), air is heated in the 
furnace or bunker coil and then passes through ducts by 
natural or forced draft to the registers in the rooms. In the 
rooms, as the hot air comes in contact with the cold windows, 
walls, etc., it gives up some of its heat. The now chilled air, 
because of its greater density, flows by gravity back to the 
furnace or the heater. This heating process is very similar 
to the refrigerating process described in the preceding section. 
Just as the success of the heating process depends on: (1) 
sufficient heating surface in the furnace, (2) sufficierit coal 
to generate the amount of heat to he given to the rooms, and (3) 
proper air ducts to insure unrestricted flow of air, so likewise the 
success of the refrigerating process depends on: (1) sufficient 
cooling surface, (2) sufficient amount of refrigerant to absorb 
the heat which must be taken from the room, and (3) proper 
ducts to permit unrestricted air circulation. 

636. Temperatures lower than 32"^ F. can be obtained 
with ‘freezing mixtures’’ ; see also Sec. 287. Freezing 
mixtures, sometimes called cryogens, are solutions which 
produce a drop in temperature by certain endothermic reactions. 
An endothermic reaction (Sec. 157) is one whereby heat is 
absorbed. It has long been known that the addition of a 
foreign substance to a liquid often lowers its freezing point. 
This addition of a foreign substance to a liquid produces a 
freezing mixture. One of the most common examples is a 
mixture of salt and ice. The melting of the ice is reduced 
by the salt. Consequently, a mixture of salt and ice will 
give a lower temperature than 32® F. (see Sec. 287). Freezing 
mixtures of salt and ice are commonly used in ice-cream freez- 
ers. They have also been used in some cold-storage plants, 
as shown in Fig. 554. 

Explaintatiokt. — The arrangement of Fig. 554 consists, essentially, 
of a tank, T, for holding the freezing mixture, and a continuous pipe 
circuit, P, partly located in the ice compartment and partly in the cold- 
storage compartment, C. The pipe is filled with brine — a mixture 



616 


PRACTICAL HEAT 


[Div. 18 


of salt and water — which is the heat carrier and which conveys tne 
abstracted heat from the cold-storage compartment to the freezing, 
mixture, where the heat is absorbed from the brine. There is a natural 
circulation of the brine in the pipe, because of the dilfference in density 
caused by the difference in temperature, similar to that of the air in 
Figs. 551, 552 and 553. This process has seldom been used because of 
expense, dirt, and icing troubles. It has all the disadvantages of the 
previously described processes, except that a lower temperature is 
obtainable. 

Note. — This is ak indirect system and it is similar to the hot- 
water SYSTEM of building warming. The freezing mixture in Fig. 548 



cools the brine, which in turn cools the cold-storage room, while in the 
hot-water heating system the furnace heats the water, which in turn 
heats the room. Both systems convey the heat by means of the natural 
circulation of a liquid. In both systems, the heat transmitting surfaces — 
the cooling coils of the refrigerating system, one in the freezing mixture 
compartment and one in the cold-storage room, and the heating surfaces 
of the heating system, one in the furnace and the other in the radiator — 
must be of the proper size and shape to insure successful operation. In 
the refrigeration system, the cooling coil should be placed in the warmest 
part of the cold-storage room, which is near the doors and ceiling, instead 
of in the coldest part, as is the radiator in the heating system. 
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636* Medianical Refrigerating Processes Are Of Two 
Principal Types. — (1) Vapor processes. (2) Gas processes. 
Each, is further discussed hereinafter. In these processes^ by 
utilizing machines, heat may be caused, by virtue of mechani- 
cal energy expended, to flow from a body of low temperature 
(the refrigerated space) to a body of higher temperature 
(generally the coldest available natural stream of water) . 
Note that, as stated by the Second Law of Thermodynamics, 
(Sec. 84), ''Heat will not flow of itself from a cool to a hotter 
body.^^ refrigerating machine'^ and "a refrigerating- 

machine cycle are defined in Sec. 403. 

Note. — Mechanical refrigehation machines are sometimes 
CALLED '‘heat PtJMPS ” becaHse by virtue of the mechanical energy — 
supplied by some outside force— which is expended in them, they force 
heat to flow from a cool to a hotter body. This idea of "pumping heat” 
from a low to a high level (temperature) may prove valuable. 


637. Vapor refrigerating processes are those wherein the 
working substance (refrigerant) passes alternately through 
its liquid and vapor states. In 
these processes, a substance is 
used for the refrigerant which, 
when in its liquid state, will boil 
(Fig. 555) readily at a temper- 
ature below that desired in the 
space to be cooled. In thus boil- 
ing and changing to its vapor con- 
dition, the substance absorbs its 
latent heat of vaporization from 
the space which is to be cooled. 

So that the substance can be 
again used, it must be restored 
to its initial or liquid state by the 
expenditure of mechanical work on it and by cooling it. This 
process is further explained hereinafter. The vapor refrigerat- 
ing machine cycle is explained in Sec. 433. 

638. Gas refrigerating processes are those wherein the 
working substance or refrigerant (usually air) remains in the 
gaseous state throughout the entire cycle of changes which 
it is made to undergo. In these processes of refrigeration, the 



Fiq. 555. — The elements of a direct- 
expansion ammonia-vapoi' refriger- 
ating system. 
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gas is first cooled below the temperature desired in the space 
which is to be cooled. The gas is thus initially cooled by allow- 
ing it to do work by expansion. The now cool gas is then 
permitted to absorb heat from the refrigerated space. To 
restore the heated gas to its original cool condition, mechanical 
work must be done on it, as is explained in Sec. 655. 

639- The Vapor Refrigerating Apparatus Is Similar To A 
Steam Boiler (see Fig. 556). — Both operate on the principle 
that heat is required to vaporize liquids. A simple arrange- 
ment for the generation of steam is to allow water to flow 
through a coil located in a furnace. As the water is at a lower 
temperature than the furnace gases, it will absorb heat there- 


.•Ammonibr Vapor Ostrr/es Hea-f" 
* From Refr/^eFator 



Pia, 556. — Showing similarity betw'een a steam boiler and an ammonia expansion coil, 
which is in reality an ‘'ammonia boiler.*^ 


from and its temperature will increase. Also, since water 
boils at a lower temperature than that of the furnace gases, it 
will, when it reaches its boiling temperature, vaporize into 
steam. To effect this vaporization, heat is absorbed by the 
water from the furnace gases. Each pound of steam will 
abstract from the furnace an amount of heat equal to its latent 
heat of vaporization at the boiling pressure and in addition 
the heat required to raise the temperature of the water to that 
at which it boils (see Sec. 365). The process would (if fuel 
were not continually added to the furnace) continue until the 
furnace temperature was reduced to that of the boiling water 
and steam. 

64:0- While The Above Process Is Called A Heating Process, 
Because Its Object Is The Vaporization Of The Water, It 
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Could Be Called A Refrigeration Process If The Object Were 
To Cool The Furnace Gases. — In practical refrigeration, 
temperatures below that of the atmosphere are desired. 
As water under the normal pressure — ^atmospheric and greater 
— ^boils at a higher temperature than that of the atmosphere 
and as heat will not of itself flow from a lower to a higher 
temperature, the above process must be modified if it is to be 
employed in practical refrigeration — to cool objects below 
atmospheric temperatures. A suitable modification can be 
efiected in one of the following two ways: (1) By using a liquid 
that will boil under normal 'pressures at a temperature below that 
of the ahnosphere^ as is explained in the sections which imme- 
diately follow. (2) By reducing the pressure o?i water or 
other liquid and thereby loweri'ng its boiling temperature, as is 
explained in Sec. 651. 

641. Substances Which, In The Liquid State, Have A Low 
Boiling Temperature Under Ordinary Pressures Are Generally 
Used As The Refrigerant In Vapor Refrigeration Processes. 

A substance which, in the liquid state, has a comparatively 
low boiling temperature (such as ammonia, which boils under 
atmospheric pressure at —28.2® F.) will boil (Fig. 555) in an 
open container, that is, under atmospheric pressure, at room 
temperatures. Since the boiling temperature of a liquid 
increases with the pressure, these liquids can be preserved 
and shipped in the liquid state by keeping them in steel drums 
or tanks under pressures high enough to prevent vaporization 
at ordinary temperatures. When a cooling effect is desired, 
such a liquid can be allowed to escape from the tank, under 
high pressure, into the low atmospheric pressure. Under 
atmospheric pressure, the liquid will boil and vaporize and 
absorb its latent heat of vaporization from its surroxmdings. 

EIxplanation.— Suppose that in the arrangement shown in Fig. 557, 
such a liquefied substance, for example, ammonia, is allowed to flow from 
the tank where it is kept under high pressure, through the regulating 
valve F. It will then enter the expansion coil, C, which being open to 
the atmosphere, will then have in it a pressure equal to or somewhat 
greater than atmospheric. Since ammonia under atmospheric pressure 
boils at —28.2° F., it will boil in coils, <7, and absorb heat from the room, 
Rf and vaporize into ammonia vapor. Each pound of liquid which 
vaporizes will absorb from the room an amount of heat equal to the 
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difference between the total heat of the vapor at the boiling pressure and 
the total heat of the liquid at its temperature in the tank. 

If sufficient ammonia were allowed to flow through the coil, the tem- 
perature of the room could be reduced to almost that ( — 2S.2^ iF.) of the 
boiling ammonia. Some temperature difference would be required to 
cause the heat to flow to the ammonia. The regulation valve, V — some- 
times called the expansion valve — is 
used to regulate the flow of the liquid 
so vaporization takes place at such a 
rate that the desired low temperature 
will be maintained in the room. After 
vaporization, the ammonia vapor will 
exhaust into the atmosphere at A and 
be lost. Since ammonia and the other 
liquids which have low boiling points 
are very expensive, such a process 
would be too costly to be used com- 
mercially. If the vapor process is to 
be utilized commercially, some method 
must be devised whereby the vapor 
can be used repeatedly, without dis- 
carding it into the atmosphere. This 
Fia. 557. — Simple form of vapor can be accomplished only by restoring 
refrigeration plant. vapor to its original condition — that 

is liquefying it — ^by some means of extracting heat from it; see following 
sections. 

Example, — Assuming that 7,500 B.t.u. must be absorbed from a room 
per hour, how many pounds of anhydrous ammonia at a temperature of 
95° F. must be vaporized, at a pressure of 23.3 lb. per sq. in. abs., each 
hour to abstract this 7,500 B.t.u. per hr. ? Solution. — T he heat absorbed 
by 1 lb. of anhydrous ammonia is equal to the difference between the 
total heat of the saturated vapor at 23.3 lb. per sq. in. abs. and the heat 
of the liquid at 95° F. From Table 400, Eiv. 11, the total heat of 
saturated ammonia vapor at 23.3 lb. per sq. in. abs. is found to be 535.7 
B.t.u. per lb. The heat of the liquid ammonia at 95° F. is also found to 
be 71.3 B.t.u. per lb. Then, the heat absorbed by 1 lb. of ammonia — 535.7 
— 71.3 = 464.4 B.t.u. Hence, the amount of ammonia which must he 
vaporized per hour — 7,500 (heat absorbed by 1 lb. of ammonia') — 
7,500 -5- 464.4 = 16.15 lb. per hr. 

Note. — The Substances Principally Used In Commercial Vapor 
Befrigerating Machines Are Ammonia, SuLPHurR Dioxide, Carbon 
Dioxide, Freon And Carrene (see Sec. 398) . Other substances could be 
used but they are not as economical or as desirable. The boiling tem- 
perature of a suitable substance under normal pressures should lie within 
certain limits (see Fig. 558) . If the boiling temperature is too low under 
ordinary pressure (as with liquid air, for example), excessive pressures 
would be necessary to preserve the liquid in the drum in the liquid state. 
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Vapors wh-icL. would require these high pressures would be difficult to 
liquefy and, when liquefied, would necessitate very strong storage 
receptacles. Other factors which determine the suitability of a liquid 
are its specific volume, its heat of vaporization, its cost, and the effect of 
its fumes upon the human health. Ammonia is probably the most 
widely used, because, in vaporizing, it affords reasonably low temperatures 
without maintaining a vacuum in the cooling coils (C, Fig. 557) and it 
can be restored easily to its initial condition — condensed with relatively 
warm water when compressed to only moderately high pressures. 
Ammonia, however, is toxic (0.25 to 0.45 per cent, by volume being 
dangerous). Sulphur dioxide condenses at even lower pressures, with 



Fig. 558. — Graphs showing variation of boiling temperatures with pressures or 
various substances used in mechanical refrigerating processes. Note the curve for water 
is so close to the base line that it has been omitted, the pressure being only 3 lb. per 
sq. in. abs- at 141° F. 

relatively warm condensing water, than does ammonia but for low tem- 
peratures it_ must be evaporated in a partial vacuum. It is used to 
advantage in the tropics. Carbon dioxide is well adapted for very low- 
temperature refrigeration, but it must be worked at very high pressures 
and requires cool condensing water for high efficiency. Freon under 
normal conditions is non-toxic, non-irritating and non-explosive. It has 
a lower latent heat than other refrigerants but this is offset by its low 
specific volume. 

642. Before The Vaporized Liqtiid In A Mechanical Refrig- 
eration Process Can Be Used Over Again (Made to Re-absorb 
Its Latent Heat) It Must Be Restored To Its Initial Liquid Con- 
dition. The action of the refrigerant vapor in absorbing heat 
(as in C, Fig. 557) is similar to the action of a sponge absorbing 
water. AJPter the refrigerant (such as ammonia) has absorbed 
heat and vaporized, it is in a position corresponding to the 


622 


PRACTICAL HEAT 


[Div. 18 


sponge partly filled with water. In order that the sponge be 
restored to its original condition, the water absorbed must be 



Fig. 559. — A typical small compression vapor installation. The condenser, C 
called a double-pipe condenser, consists of two concentric pipes- The cooling water 
flows through the inner pipe and the ammonia flows between the two pipes as shown in 
Fig. 563. (.The Vilter Manufacturing Co.) 


squeezed out, by a pressure of the hand. Likewise in order 
that the vapor be restored to its original liquid condition, the 
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heat it has absorbed from the refrigerated objects must be 
driven out, or extracted in some manner. 

643. This extraction of heat can be effected by one of two 
processes : (1) The compression process, (2) The absorption 
process. In the compression process of mechanical refriger- 
ation, the heated vapor is first compressed and then con- 
densed by cooling it with air or water. The compressor (R, 
Fig. 559) does work on the vapor and increases its pressure and 
temperature, thereby making it possible to liquefy it with rela- 
tively warm cooling water. The pressure thus produced must 
be sufficiently great that the boiling point of the substance 


Hecrf Insu/cfftpn^^ 
Vaponzorfhn Or ' 
Expansion Coif\ y 


Pefr/oferirnf Compressed 7b High Pressure 

‘ r-tiigh -Press urefycrpor Superheated) 



^'Pefrlgeranf Absorbs Heat From Coo/er Dlrecflg 


To Ccofirg 'rVater 
E I^uld Pecelrer 


Fig. 560. — Circuit of direct-expansior: compression refrigeration system. 

in regard to temperatures and pressures. 


See Fig. 576 


under that pressure is greater than the temperature of the 
cooling water; if the pressure were lower the vapor could not be 
liquefied. In the absorption process of mechanical refriger- 
ation the vapor is first absorbed by water, which will absorb 
800 to 1,000 times its own volume of ammonia vapor under 
atmospheric pressure. The solution of ammonia is then 
heated, causing some of the ammonia to be vaporized at a 
high pressure, and the vapor is then liquefied by cooling it 
with water. 

644. The essential parts of a vapor compression process 

are (see Figs. 559 and 560): (1) An expansion coil, V. (2) A 
compressor, R. (3) A condenser, C, see Figs. 561, 562, 563 
and 564. (4) An expansion valve, E, see Fig. 565. (5) A 

liquid receiver, L, (6) A vapor refrigerant, ammonia in Fig. 
559. (7) A cooling medium, cooling water in Fig. 559. Thus 
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the essential parts of a vapor compression process and their 
relation to each other are shown in Fig. 559. This system is 



"''"LiciuiGf Ammonioi Ouffcw 


Fig. 561. — Cross section of a submerged condenser. The vapor enters at J, passes 
through the header, H, and the coil, C, where it is liauefied. It then flows through the 
lower header, I/, the stop valve, V, and out through O. The cooling water enters at B 
and overflows at F. The same apparatus may be used as a brine cooler, if desired. 

the same as the elementary apparatus shown in Fig. 557 with 

the addition of the compressor 
and the condenser. The func- 
tion of these two parts is, as 
hereinbefore explained, to re- 
store the vapor to its initial 
liquid condition. 

ExPLANATioisr. — The path of the 
refrigerant, shown in Fig. 559 by the 
arrows, from the liquid receiver, Z/, 
through the expansion coils, V, and 
the operations that occur therein, are 
the same as those in the elementary 
system shown in Fig, 557. After 
leaving the expansion coils, the vapor 
enters the compressor, (7, in which 
it is compressed to such a pressure 
that it may be liquefied with the cool- 
ing water of the temperature which 
is available. From the compressor, 
the vapor passes through an oil 
separator, O, which separates the oil from it and then to the condenser*, 
several types are shown Figs. 561, 562, and 564. While the separator 



Fig. 562. — Section of an atmos- 
pheric condenser. The ammonia 
vapor to be condensed flows througb 
the coil C, either upward from the bot- 
tom to the top or downward from the 
top to the bottom- The cool water 
flows from the trough, T, through 
small holes in its bottom, over the 
coils, C thereby condensing the ammo- 
nia vapor. The falling water is 
caught in pans at the bottom of coil. 
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is not essential, it is desirable as it prevents oil (which is used in lubri- 
cating the compressor cylinder) from getting in the condenser coils and 
impeding heat transfer. In flowing through the condenser the vapor, 
being under high pressure, is condensed to the liquid state by the cooling 
water. The now liquefied vapor then flows into the liquid receiver, L, 
completing its cycle. The pressure upon the liquid in the receiver is, 
neglecting the drop through the pipes, the same as that on the vapor in 
the condenser. 



Fig. 566. — Section of York anunonia-compressor cylinder. The suction valve, S, 
is practically balanced, the spring tending to hold it open and the dash pot tending to 
close the valve, 

645. The function of the compressor in the vapor com- 
pression system (R, Fig. 559 and Figs. 566 and 567) is to 
remove the vapor as promptly as it is formed and then com- 
press it to a pressure sufficiently high so that the vapor can 
be condensed by the cooling water or air at hand. As stated 
in Sec. 426, a compressor is an essential part of every refrigerat- 
ing machine. To condense a vapor, heat must be extracted 
from it. Since heat of itself always flows from a higher to a 
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lower temperature, this heat can be extracted only by allow- 
ing it to flow from the vapor to a colder substance. In the 
refrigeration process, the boiling (or liquefaction) temperature 
of the vapor at the pressure in the expansion coil is below 



Fig. 567. — Vei-tical* double-eyliiider steam-engine-driven ammonia compressor. 


that of any available cooling medium. Hence, work must be 
done upon the vapor and its temperature of boiling increased 
so that it can be condensed by the available cooling medium. 
The compressor may be driven by a steam engine, electric 
motor, Diesel engine, or a water wheel — whichever is the most 
economical. 
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Expi.anatio]> 3 -. — Suppose it is desired to cool a room with a vapor 
refrigeration system to 10° E.; then the ammonia must be allowed to 
boil (vaporize) at some temperature below this (a temperature difference 
or thermal pressure is necessary to effect a heat flow, Sec. 84), such as 
0° F. Now the coldest available cooling medium is, say, a stream of 
water at 60° F. It is evident that this water will not absorb heat from 
the vapor unless the temperatui'e of the water is less than that of the 
vapor. Now, by means of a compressor, work may be done on the vapor 
and the temperature and pressure of the vapor may be thereby increased. 
If the compression of the vapor is carried sufficiently far — to about 130 
lb. per sq. in. abs. for the ammonia of this example — the vapor will then 
be in such a condition that it can be condensed by the available cooling 



Fig. 568. — Cross section of centrifugal refrigerating unit employing Carrene as the 

refrigerant. 


water. For at 130 lb. per sq. in. abs. the boiling (condensing) point of 
ammonia is about 70° F. Thus the compressed ammonia can, by water 
at 60° F., easily be cooled (to 70° F.) and condensed. The condensed 
ammonia may now be permitted to flow to the receiver where the pres- 
sure would, neglecting losses, also be 130 lb. per sq. in. abs. 

Note. — No compressor woueo be needed if the cooling water 
were colder than the vapor refrigerant coming from the expansion coil. 
The vapor could then be cooled directly by the water, as in steam power 
and steam-heating plants. However, in such a case, the cold water could 
be used directly as the cooling agent and no vapor refrigerant would be 
necessary. 

646. Centrifugal Compressor System. — Centrifugal com- 
pressors are particularly suited to large volumes and relatively 
lo^y compression ratios. They are, hence, suited to handle 




Sec. 648 ] 


REFRIGERA TION 


629 


refrigerants at low pressure, under which ‘Conditions the volume 
of vapor handled is large. Such refrigerants are Diel^ne 
(dichoroethlene), Carrene (dichoromethane), and Carrene 
No. 2 (trichlorofiuromethane). All of these refrigerants are 
evaporated and condensed at pressures below atmospheric. 
Figure 568 is a cross section of a commercial centrifugal 
refrigerating machine in which condenser, evaporator, and 
compressor are incorporated in a single unit. 

647. The advantages of centrifugal compression systems are 
that they may be driven by synchronous motors or steam 
turbines and have variable capacity with constant speed. 
Likewise the unit occupies considerably less space than a 
reciprocating compressor system of the same capacity. 

Explanation Of Operation, — ^Brine or water to be cooled is cir- 
culated through tubes which are placed in the evaporator at the left 
of the unit. Liquid refrigerant is pumped to a chamber above these 
tubes and rains down over them. Heat from the brine evaporates some 
of the refrigerant, and the vapor formed passes through eliminators, 
which remove any liquid, to the compressor. The multi-stage compres- 
sor raises the pressure of the vapor to that of the condenser and dis- 
charges the compressed vapor over cooling tubes in the condenser which 
remove the latent heat of vaporization and condense the refrigerant. 
A float trap in the condenser opens when sufficient liquid accumulates, 
and the higher pressure in the condenser forces some of the liquid refrig- 
erant to the evaporator. Some of the liquid, of course, evaporates 
because of the lower pressure and so cools the incoming liquid to the 
saturation temperature corresponding to the pressure in the evaporator. 
The economizer is arranged to admit vapor into an intermediate stage of 
the compressor, thus lowering the temperature of the main body of vapor 
and decreasing the work of the compression- Since the entire system is 
under vacuum, some air is bound to leak in, and this is removed by the 
vacuum pumps or evacuator at the left. 

648. The absorption vapor process differs from the com- 
pression vapor process only in the manner of restoring the 
vapor to its initial liquid condition. In the compression proc- 
ess the pressure on the vapor and also its temperature are 
increased by means of a compressor. In the absorption proc- 
ess this pressure increase is accomplished by allowing the 
ammonia vapor to be absorbed by water and then driving the 
ammonia vapor from the water at the required pressure by 
partial distillation. 
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ExPLANATXOisr. — From the diagram of an elementary absorption 
process. Fig. 569, it can be seen that the process is the same as the com- 
pression process with the exception that the compressor is replaced by an 
absorber, A, ammonia pump, P, and a generator, G, Since the com- 
pression system has been described in detail it will be necessary to trace 
the working medium (ammonia) through only that part of the cycle 
between the expansion coils and the condenser. The cold ammonia 
vapor leaving the expansion coils, V, enters the absorber. A, which 
contains a relatively cold weak ammonia solution, called weak aqua 
ammonia. Since cold water has a great affinity for ammonia vapor, the 
ammonia vapor is absorbed and a strong aqua ammonia (solution) 
results. Heat is generated in this process of solution and must be 



Fig. 569. — An elementary ammonia-absorption refrigerating machine. 


removed by cooling water to prevent high temperatures. High tem- 
peratures hinder the absorption process, as the power of the water to 
absorb ammonia vapor decreases as the temperature increases. 

The resulting strong aqua ammonia is pumped by an ammonia pump, 
P, to the generator or still, O. The liquid and vapor in G are at a rela- 
tively high pressure; hence P does mechanical work to pump the liquid 
into it. Here the solution is heated by a series of steam coils with either 
high- or low-pressure steam. Since the amount of ammonia that the 
water can hold decreases as the temperature and corresponding pressure 
are increased, some of the ammonia is vaporized in G during this heating 
process. This ammonia vapor must be generated at such a rate that 
the pressure in the condenser, C, will be sufficiently high to insure that 
the vapor will be liquefied by the cooling water which is available. The 
remaining weak aqua is returned to the absorber. In the commercial 
process a number of refinements are added to this elementary process for 
increasing its economy. Energy is added to the refrigerant by P and 
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by the heat supplied ia G. These energy additions provide the ‘‘heat 
pump’' (Sec. 636). 

649. A commercial vapor -absorption refrigerating installa- 
tion is diagrammatically shown in Fig. 570. The apparatus 
is essentially the same as that of Fig. 569 with the addition of 
three elements: a rectifier, R, a weak-liquid cooler, W, and an 
exchanger, E (sometimes called inter chang er) . These pieces 
of apparatus are added to conserve heat. Each interchanges 
heat between a hot substance which is to be cooled and a cold 
substance which is either to be heated or rejected from the 
system. The additional apparatus performs a two-fold func- 
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Fig. 570. — Diagram of absorption refrigerating machine. This is an indirect system ; 
the expansion coil being located in the brine cooler, cools the brine which is circulated 
through coils in the room to be cooled. (.Henry Vogt Machine Co.) 


tion: (1) It decreases the amount of heat that must be fur- 
nished by the steam coils of the generator. (2) It decreases 
the quantity of heat that must be carried away by the cooling 
water. 


Explanation. — In Fig. 569, the weak liquid leaves G at high tem- 
perature and enters A where its temperature should be low, and the strong 
liquid leaves A at low temperature and enters G where its temperature 
should be high. Evidently, the steam coil in G must supply much heat 
and the coil in A must extract much heat. It would seem desirable to 
utilize the cold liquid passing from A to O for cooling the hot liquid 
passing from G to A meanwhile heating the liquid which does the cooling. 
This is exactly what is accomplished by the exchanger, E, Fig. 570. It 
is simply a double-tube coil (Fig. 563) through which the strong 
and weak liquids pass in opposite directions and interchange heat. 
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Because of the counter currents, a very effective heating and cooling is 
accomplished. 

In Fig. 669, the vapor leaving G will, because of the fractional dis- 
tillation process (Sec. 346), be a mixture of ammonia and water vapors. 
If the water vapor were not separated from the ammonia vapor, the water 
vapor 'would enter the vaporizer or refrigerating coils and at the low 
temperature of these coils it would freeze and clog the coils. To obviate 
this trouble, the cold strong liquid from the absorber is, in Fig. 570, 
passed through the rectifier, R, on its way to the exchanger, E, The 
rectifier, R, is essentially a small surface condenser (Sec. 514). It cools 
the ammonia and water vapors which pass through it on their way to the 
condenser, C, and serves to condense nearly all of the water vapor. 
This vapor is condensed as a strong solution of ammonia, is separated 
from the remaining vapors by the separator, S, and flows, by gravity, to 
the generator. Thus the rectifier aids the condenser in its duties of 
cooling the vapor and simultaneously aids the exchanger in heating the 
cold strong liquor. 

Now, because the cold strong liquor is heated somewhat by the vapors 
in the rectifier, it is not capable of extracting as much heat in E from the 
hot weak liquor as would be desirable. Furthermore, since the vapors 
must be cooled in C to quite a low temperature, the cooling water cannot 
be heated through a very great temperature range in passing through C. 
The temperature of the water leaving C is sufficiently low that it may be 
used to absorb heat from A. In A, the water temperature is again 
only slightly increased — the water leaving A at a lower temperature 
than that of the liquid in A. Hence, this water is still colder than the 
weak liquor leaving E and may be used to advantage in cooling the weak 
liquor before it is permitted to enter A. This last effect is that accom- 
plished by the weak-liquor cooler, W, Fig. 570. 

Sometimes a piece of apparatus which is not shown in Fig. 570 is also 
used. It is called an analyzer. An analyzer is simply an arrangement, 
usually built on top of the generator, whereby the strong liquid which 
comes from the exchanger is made to fall, in a spray or sheet, through the 
ascending vapors from the generator. It serves to cool the ascending 
vapors somewhat and perhaps to hasten the release of ammonia vapor 
from the incoming strong liquid. Thus, it also serves to conserve heat 
energy. 

650. The relative merits of the absorption and compres- 
sion processes may be summarized as follows: The absorp- 
tion process is the more economical where exhaust steam is 
available, where low temperatures (below 0® F.) and small 
units (up to about 225 tons) are required, but for all other 
conditions the compression process is the more economical. 
In an absorption system the use of high-pressure steam in the 
generator coils is ordinarily uneconomical because the same 
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result can, generally, be obtained much more economically 
by the use of low-pressure (exhaust) steam, or by the use of a 
steam-driven compressor (compression method). Likewise, 
if only enough exhaust steam is available for the necessary 
building-heating or other purposes about the plant, the 
compression method is the more economical. Combined 
plants have been installed in which the exhaust steam from 
steam-driven compressors is used to operate the absorption 
apparatus. The absorption process is well adapted for small 
units when low-temperature (below 0° F.) refrigeration is 
desired as it can provide low temperatures with almost the 
same power consumption as it can high temperatures. The 
compression process, however, gives maximum economy with 
high suction pressures (temperatures). The reason for this is 
that at low pressures the specific volume of vapor becomes 
very great and for handling large volumes of vapor the com- 
pressor cylinders must be correspondingly large; thus, the 
compressor consumes much mechanical energy. If an ordi- 
nary compressor is used its capacity is greatly decreased. 
But in the larger units (above 225 tons), the compression 
system becomes more efficient because of the greater effi- 
ciency of the larger steam engine. An absorption machine of 
a capacity of 50 to 100 tons, operating under best conditions, 
with a temperature in the refrigerator of not more than 0° F., 
gives an economy equal to that of a compression machine also 
operating under favorable conditions. 

651. Steam “jet Vacuum Refrigeration. — Air conditioning, 
which requires moderate temperatures of between 43 and 50°, 
has brought back into popularity refrigeration which uses 
water as a refrigerant. This system of refrigeration has low 
first cost. It requires no brine or water coolers, does not use 
an expensive refrigerant that must be replaced when lost 
from the system because of leakage, and is easily controlled 
so as to meet the A^arying loads of the air-conditioning system. 
The water to be cooled is piped into a chamber, A, Fig. 571, in 
which a high vacuum is maintained. If the temperature 
of the water supplied is above that corresponding to the 
saturation temperature for the vacuum in the chamber, 
evaporation will occur. The A^apor so liberated from the body 
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of water absorbs latent heat of vaporization from the water 
introduced into the flash chamber. This removal of heat cools 
the remaining water to a temperature corresponding to the 
absolute pressure in the flash chamber. For example, if the 
chamber is maintained at an absolute pressure of 0.3 in Hg 
the water may be cooled to a temperature of 45"^. The very 
high vacuum required for this system of refrigeration is 
obtained by steam jets, C. The high velocity steam issuing 
from the jets picks up the vapor from the flash chamber and 
discharges it to a condenser, B, in which a vacuum of 27 to 



28 in. Hg is maintained. Here the steam used in the jets, 
together with that evaporated in the flash chamber, is con- 
densed. The condenser must be supplied with circulating 
water in sufficient quantity to condense both the steam used 
in the steam jets and the vapor formed in the flash chamber. 
Thus the circulating water must not only remove the heat 
of the refrigerating load, but must also remove the heat 
necessary to condense the steam used in the steam jets. For 
this reason, the cooling water requirements are greater than 
those of ammonia or carbon dioxide compressor systems. 
These requirements increase as the steam pressure used in the 
steam jet decreases, also as the initial cooling water tempera- 
ture increases. 
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Note. — The thermal compressor or steam jet consists essentially 
of a group of steam nozzles directed toward an entraining throat. The 
steam, in passing through the nozzles, attains a high velocity so that 
there is a group of high-velocity streams at the nozzle exit. The vapors 
which enter the suction opening of the compressor are entrained in the 
stream and compressed to the condenser pressure, which in turn is 
governed by the temperature of the cooling water. The condenser is 
provided with a dry vacuum pump to remove air. 

Note. — The only moving parts required by this system are the circu- 
lating water pump for the condenser and the pump which removes the 
cooled water from the flash chamber. 

Note. — A centrifugal compressor has been developed to take the place 
of the steam jet, now making it possible to use water refrigeration in 
those places where steam is not available. This compressor operates at 
relatively high speeds, and, although usually operated at constant speed, 
electrical input to the compressor is almost exactly proportional to the 
refrigerating load. 



Fig. 572 . — Diagram of a sulphuric-acid vacuum machine. The air pump. A, produces 
a vacuum in tank, E, causing some of the water liquid in E to evaporate- Sulphuric 
acid contained in C, flows down in the form of a spray into B. Since the acid has a 
great affinity for water, the acid rapidly absorbs the vapor liberated from the liquid in E. 
The dilute acid flows through the pipes to the receiver, R. When R is filled, the valve, V , 
is opened and the dilute acid flows to the reconcentrator, />, where the water is evapo- 
rated from the solution by the steam coil, S. Pump, P, pumps the acid up to the tank, 
C. The brine solution is forced through the coil, F, and through the nozzle, iV, by the 
centrifugal pump, H. 


652. The sulphuric acid refrigerating machine, an arrange- 
ment similar to that of Fig. 572, was at one time used in the 
past. In this arrangement, sulphuric acid, because of its 
affinity for water, was used to remove the water vapor and 
produce the lower pressure in the evaporator. But the cost 
of operation was excessive due to the large amount of liquid 
pumped and the heat required to concentrate the acid. 

653. For Economical Operation Of The Vapor -refrigeration 
Processes All The Component Units Should Be Of Proper Size 
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In Relation To One Another. — In this respect they are similar 
to the units of steam-power-plant processes. In the steam 
power plant, for a certain output, a definite size boiler, engine 
and condenser are necessary. For best efficiency, these must 
be operated in such a manner that the boiler and condenser 
pressui’es are maintained at the values for which the engine 
was designed. To accomplish this the boiler must generate 
steam and the condenser must condense steam at the same 
rate that the engine uses it. The same principles must be 
observed in the refrigeration plant. For a certain output or 
capacity a definite size expansion coil, compressor — or absorp- 
tion machine — and condenser are necessary. 

654. For the best efficiency the plant must be operated 
in such a manner that the proper pressures are maintained 
in the evaporating coils and condenser. This is more impor- 
tant in refrigeration than in steam-power practice. The 
pressure in the expansion coils must be low enough so that the 
corresponding boiling temperature of the liquid refrigerant 
is below the temperature required in the cooled room. The 
pressure in the condenser must be high enough so that the 
corresponding liquefaction temperature of the refrigerant 
vapor will be higher than that of the circulating water. But 
the difference between the pressure in the condenser and that 
in the expansion coil must be kept as small as possible. The 
greater this pressure difference, the more work must be done 
by the compressor to bring the vapor from the one pressure 
to the other. In a steam engine more work is obtained in 
working through a greater pressure range, so in a compressor 
more work must be done in compressing through a greater 
pressure range. Also, in the absorption process more steam is 
used in heating to a higher pressure. In the compression 
process, the pressure in the expansion coil is regulated by the 
expansion valve and the compressor. Pressure in the con- 
denser is determined by the temperature of the cooling water. 
In the absorption process these pressures are regulated by the 
steam flow to and the steam pressure in the generator coils, 
the concentration of the weak and strong aqua, and the 
speed of the aqua pump. 
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Note. — Many Of The Same Difficulties That Aee Encountebeh 
In Steam Powek Plants Are Also Encountereb In' Refrigeration 
Plants. — Expansion coils like boiler tubes must be kept clean to insure 
maximum heat transmission. Likewise, foreign (non-condensible) gases 
in the refrigerant increase the condenser pressure in refrigeration proc- 
esses just as they do in steam condensers. In refrigeration condensers 
the non-condensible gases are taken out at intervals, instead of continu- 
ously by a pump as they are in steam-power-plant practice. In 
refrigeration plants, the effect of these troubles is, ordinarily, even more 
noticeable than in steam power plants. 



656. Cooling By The Expansion Of Compressed Air Is 
One Of The Oldest Methods Of Mechanical Refrigeration. 

The ^^heat pumps used are called air refrigerating machines, 
or cold air refrigerating machines. One type is called the 
Allen dense-air refrigerating machine. The cycle of an air 
refrigerating machine is explained in Sec. 432 and Fig. 384 
sho-ws a diagram. 

Explanation. — The process is essentially as follows (see Figs. 573 and 
384) : Air is compressed in C (Fig. 573) to a high pressure. The heat 
which is imparted to the air b j the compression is then removed by pass- 
ing the compressed air, at constant pressure, through a cooling coil, I>, 
which is surrounded by circulating water. The cooled compressed air 
is then admitted into an air-engine cylinder, E, where it is allowed to 
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expand and do work. This expansion of the air causes a reduction in 
its temperature, due to the work being done at the expense of the internal 
energy (see Sec. 272). This cold expanded air is then discharged from R 
into the refrigerated room. Or it is passed from R through coils in the 
room to be cooled, or it may be passed through coils immersed in a liquid, 
which in turn cools the room. The air from the refrigerated room or the 
coils, after there absorbing heat, again enters the compressor from jP and 
the cycle is repeated. The work done by the air during the expansion 
in the air-engine cylinder, E, is transmitted through the main crank- 
shaft, Sy to the compressor cylinder, C. Thus the work done in steam 
cylinder, L, must be approximately only the difference between the work 
done by the compressor, C, and that obtained in the air-engine cylinder, 
Ey plus the frictional losses. 

Note. — Gen-eraely, the same air is contin-italey rbcircttlated 
through coils to prevent the entrance of moisture into the system and the 
possible freezing of the moisture at the cold part of the cycle. Recir- 
culation of the air also tends to increase the efficiency of the system. 
Note. — This ivj^ETHon of cooeing is not so efficient as the other 

METHODS now in use. It also requires 
a much larger compressor than the 
vapor processes because of the low 
specific heat of air. While this process 
has the above disadvantages, it is used 
to some extent aboard vessels due to 
the absence of any dangerous gas which 
may be injurious to the passengers and 
the food. 


666- The methods of calculat- 
ing for air refrigerating machines 
the rise in temperature during 
compression and the fall in tem- 
perature during expansion (as- 
suming adiabatic changes in both the compression and the 
expansion, which is practically the case) are given in Sec. 275. 

Example. — In a certain air-compression system it is found that the 
air entering the compressor has a temperature of 60° F., the admission 
pressure is 50 lb. per sq. in. abs., and the air is compressed to a pressure 
of 175 lb. per sq. in. abs. Assuming adiabatic compression and dry air, 
what will be the temperature of the compressed air? Solution. — F or 
polytropic changes, Sec. 275, the jelatiogi between temperatures and 

pressures is expressed by For. (236), Ta = TiCPa/Pi) ^ - Wherein: 
Ti and Ta = initial and final temperatures respectively in degrees Fahren- 
heit, absolute. Pi and Pa = initial and final pressures respectively in 


.>Heaf , 

' Insulcffhn 



Fig. 57 4. — The elements of an indirect 
brine refrigerating system. 
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pounds per square inch absolute. For adiabatic changes, n = k = 1.4. 

1 . 4-1 

Hence, substituting, Ta - (460 -h 60)(175/50)” = 520(3.5)o-®«5 = 52 O 
X 1.428 = 743° F. ahs. or 283^ F. 

Example. — If the compressed air with a temperature of 283° F., as 
shown in the preceding example, be cooled by circulating water to a 
temperature of 100° F. and then allowed to expand to the original pres- 
sure, what would be the final temperature? SoLUTioisr. — Substituting 

n-l 

in For. (236), T 2 = Ti(P 2 /Fi), ” the following is obtained: T 2 “ (100 

-f 460) (50/175) 560 X 0 . 286 o-^ 8 s = qqq X 0.7 = 394° F. abs, or 

- 66° F- 



Fia. 575. — Typical indirect brine system with ammonia compressor. 


657. The indirect method of refrigeration is often used 
(Figs. 574, 575, 576 and 577). In the preceding sections of 
this division, only the direct-expansion method of refrigera- 
tion has been treated. In the direct-expansion 'tnethod (Fig. 
560) the expansion coils are placed in the room or substance 
to be cooled and the heat flows directly from the room or sub- 
stance to be cooled to the refrigerant- In the brine indirect 
method^ Fig. 576, the expansion coils are used to cool a brine 
solution, and the cooled brine is pumped through coils or 
tanks located in the room or substance to be cooled. In this 
system the heat flows from the room which is to be cooled 
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to the fluid and then to the refrigerant. There is another 
indirect system, called the forced-air circulation system 
(Fig. 577). In this system the air is cooled in a separate 
bunker room and the cooled air is forced through the cooler 



by means of a fan. This system is indirect in that the air is 
cooled outside of the cooler. 


Note. — The Indirect Brine System Has Several Advantages 
And Disadvantages. — The chief advantage of the brine system is that 
“cold^^ can be stored in the brine, by cooling it to a low temperature. 
Thus a cooling effect can be produced by circulating the brine, even after 
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the compressor has been shut down for some time. This is particularly 
desirable where excess refrigeration is required intermittently for short 
periods, such as in ice-cream making and milk-cooling processes. The 
brine system has another advantage, that in it the ammonia circuit is 
confined to a small space and not allowed to enter the cooling rooms. 
Thus, should a leak occur in the expansion coil of a brine system, the 
ammonia cannot get into the cooled room, where it would injure the 
goods in storage and might cause fatalities. However, the indirect brine 
system has the disadvantage of a 
greater first cost and lower economy. 

Since the ammonia must first cool the 
brine, which in turn must cool the 
room, two temperature differences are 
required between that of the boiling 
ammonia in the vaporization coils and 
that of the refrigerated room, instead 
of one. To obtain the same room 
temperature with a brine system as with 
a direct expansion system, the ammonia 
in the brine system must boil at a lower 
temperature (lower pressure) which 
reduces the capacity of the compressor 
(if compression process) and lowers the 
economy. 

668. One Of The Chief Uses 
of Refrigeration Processes Is For 
Making Ice (Fig. 578) . — ^Although 
there are several systems of manufacturing ice, the principal 
one employed at present is the can system, using either 
distilled or (undistilled) water. 

Explanation-. — In the ‘^can” system op making ice. Pig. 579, 
cans, (7, of rectangular cross-section are partly immersed in a brine tank, 
T, and filled with water. The brine, being cooled by the expansion 
coils, E, and circulated by the agitators, A, absorbs heat from the water 
in the cans. Ice is formed rapidly at first, around the insides and bottoms 
of the cans, but as the freezing progresses toward the center of the cans 
the rate of ice formation decreases. Since the ice is generally cooled to 
the temperature of the brine, the heat that ?nust be abso7-bed from 1 lb. of 
water to convert it into ice — {the heat required to cool the water to the freezing 
temperature') -H {the latent heat of f usion of the ivater) (the heat required 
to cool the ice to the temperature of the brine). After the water in the cans 
has been frozen into ice, they are lifted out of the tank by the hoist, H. 
They are then warmed slightly on the outside with steam or hot water 



Fia. 678. — The elements of an 
ice-making system. This repre- 
sents an elementary “plate” ice- 
making system (Sec. 658} and does 
not apply to the can system. 
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Fig. 579. — Showing the construction of the Triumph freezing tank. 
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and the blocks of ice dumped out of them by the can dump, Z>, and thaw- 
ing apparatus - 

Note. — Either or distilled water can be used in the can 

system of making ice. In the distilled-water process, which is desirable 
where exhaust steam is available, the water is first distilled by using 
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Fig. 580. — Diagram showing typical construction of cans for raw- water ice. The tube 
for conveying the compressed air extends almost to the bottom of the can. 


the exhaust steam and the cans filled with this distilled water. In 
the raw-water process, since raw water — undistilled water — contains 
air and impurities in solution, the water in the cans is agitated by bub- 
bling compressed air through it (Figs. 580 and 5S1). This agitation 
removes the air dissolved in the water and brings the impurities in the 
water together into the central vertical cavity of the block of ice which is 
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i'Tank F (oor Oak Coin Cover 



forming. From this cavity the impurities can be easily removed by 
syphoning them off and then refilling the hole with water. The raw 
water system is often used where no exhaust steam is available, as in 
electrically-driven plants. 

Note. — The plate system op icb-makin'G (see Fig. 578 for elements) 

is used in some plants but is seldom 
installed at present because of the 
high first cost, greater head room 
necessary, and lower back pressure 
required. It is a raw-water system, 
in which the ice is formed on a fiat 
plate that is immersed in a tank of 
raw water. The hollow plate is 
arranged so that it functions as an 
expansion coil. The liquid ammonia 
is fed into it and the vapor is with- 
drawn from it. The ice cake formed 
is large and irregular in sisse. 

Example. — How much heat must 
be absorbed from 1 lb. of water at 
7d°F. to change it into ice, at the 
temperature of the brine leaving the 
tank, 16° F. Assume specific heat of 
ice as 0.5. Solution. — Heat absorb- 
Pig. 581.— Cross section of iee cans, required to cool water to the 

showing low-pressure air-agitation freezing temperature 4“ Latent heat of 
system with double down pipes. This f usion + Heat required to cool ice to 
shows an adaptation of a distiUed-water tem.'perature = (70 - 32) +144 

brine tank to a raw-water system. ^ _ 16) X 0.6] = 38 +144 +8 

= 190 S.t.u. per Ih. of water or ice. 
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659. The Unit Of Capacity In Refrigeration Is The — 

Refrigeration, being essentially a heat-transfer process, its 
capacity is measured by the quantity of heat extracted per 
unit of time and is equivalent to a rate of cooling of 12,000 
B.t.u. per hr. It has a somewhat rational basis. If the 
latent heat of fusion of ice is taken as 144 B.t.u., which is 
nearly correct, then the heat required to melt one ton (2,000 lb,) 
of ice == 2,000 X 144 = 288,000 H.t.u. Now if this heat was 
absorbed in one day (24 hr.) the heat would be transferred 
at the rate of 288,000 B.t.u. per 24 hr. or 12,000 B.t.u. per hr. 
or 200 B.t.u. per min. Since the rate of transferring heat is 
not necessarily the same in all parts of the system, it is desir- 
able to establish a standard place of measurement. Thus a 
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system is said to have ^^one ton refrigeration capacity when 
it is so proportioned that the refrigerating fluid in the expan- 
sion coils will under normal specified temperature and pressure 
abstract heat at the rate of 12,000 B.t.u. per hr. or 200 B.t.u. 
per min. 

Note. — Standard rating of a refrigeration machine is the number of 
tons of refrigeration it delivers under the following conditions: 

1. Nothing but liquid shall enter the expansion valve, and nothing but 
vapor shall enter the compressor cylinder (impeller in a centrifugal com- 
pressor) of the compression refrigerating system or the absorber of the 
absorption system. 

2- There shall be 9° F. (5° C.) subcooling of the liquid entering the 
expansion valve and 9° F. (5° C.) superheating of the vapor entering 
the compression cylinder or the absorber. The points at which subcool- 
ing and superheating are determined must be within 10 ft. of the cylinder 
or absorber. 

3. The inlet pressure is that which corresponds to a saturation tem- 
perature of 5® F. ( — 15° C.). 

4. The outlet pressure from the compressor cylinder or generator is 
that which corresponds to a saturation temperature of 86° F. (30° C.). 

Note. — Ice-making Capacitt Of A Plant Is Less Than The 
Ton Refrigeration Capacity. — The ton refrigeration capacity con- 
siders only the latent heat of fusion of ice. In ice making, the water 
must be cooled to the freezing temperature, and usually the ice is cooled 
to the temperature of the outgoing brine. Thus, more than 144 B.t.u. 
must be absorbed to produce one pound of ice. The ice-making capacity 
is not a definite rating since it depends on the losses and the temperatures 
of the water and finished ice. It usually is about 60 per cent, of the ton 
refrigeration capacity. 

660. The power consumed by the compressor in a mechan- 
ical-refrigeration plant varies from 1 to 2.5 i.hp. per ton of 
refrigeration. The greater the difference between the com- 
pressor suction and discharge pressures, the greater will be 
the power required for a ton refrigeration. 

Note. — The Coefficient Op Performance Of Refrigeration 
Machines — {heat extracted from the cold body) -4- {the indicated ivork 
done by the compressor). Both terms must be expressed in either British 
thermal units or foot-pounds per unit of time. See also Sec. 405. 

661. The liquid-air process operates on the same general 
principles as does the air refrigerating machine. By means of 
this process, low temperatures can be obtained and air can be 
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liquefied. A diagrammatic sketch of the process is shown in 
Fig. 582. 

EXPI.ANATIOJT. — ^An. air compressor, C, Fig. 582 (usually of the four- 
stage type, the air being cooled between stages to prevent too great an 
increase in temperature) compresses the air to a pressure of about 3,000 
lb. per sq. in. From the compressor the air is carried to the cooler, A, 
where it is cooled by cold water to almost the temperature of the water, 
its pressure remaining at about 3,000 lb. per sq. in. After passing 
through the cooler, the air is carried to the ^‘economizer,’"' E. This 
consists of a double-pipe coil (one pipe being within the other) enclosed 
in a well heat-insulated tank. At the bottom, the two coils separate, but 



Fig. 582. — Diagrammatic view of the Linde liquid-air apparatus. 


both enter the same vessel, F, the inner coil being provided with the 
needle valve, iV, by means of which the air flow is regulated. 

As the compressor continues to operate the compressed air flows 
through the inner coil, through the needle valve, iV, in which it suffers a 
throttling expansion (constant heat. Sec. 260) to the low (approximately 
atmospheric) pressure of the vessel, V. In expanding through N the air 
is cooled, and the now cold air is then drawn out of V through the 
outer coil of the economizer into the compressor. In flowing through the 
outer coil of the economizer, jR, the outgoing cold air cools the incoming 
air in E. The temperature of this incoming air after expansion into V 
is lower than was that of the outgoing air which preceded it. Thus in E 
both the incoming and outgoing air temperatures are gradually reduced 
as the compressor continues to circulate the air in the system. The 
process is accumulative and, as the compressor continues to operate, the 
temperature falls until the liquefying temperature is i^eachcd in V, 
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A portion of the air will therefore condense as it flows through N and will 
collect in Y. As some air is condensed into a liquid, more air must be 
admitted (in small quantity) to the system through the valve, B, to take 
the place of the liquefied air. The liquid air can, when formed, be 
drawn off through the valve, D. 

QUESTIONS ON BIVISION 18 

1. Define refrigeration. Why is it treated in a book on practical heat? 

2. Name several nses of refrigeration. 

3. What are the renuirements of a good refrigeration system? 

4. Define refrigerant. Refrigerator. 

5 . Why are the walls of ice-boxes and cold-storage rooms composed of heat insulators? 

6. Name several good heat insulators. 

7 . Into what two classes may refrigeration processes be divided? 

8 . What are the three important natural refrigeration processes and what is the 
underlying principle of each? 

9. Where is cooling by surface evaporation used? 

10. What is the minimum temperature obtainable by surface evaporation? 

11. For what classes of refrigeration is cooling with ice, best adapted? 

12. Draw a sketch of a room cooled with ice and explain the essential features. 

13. What substance is used as the heat carrier in the refrigeration processes where 
the melting of ice produces the cooling effect? 

14. Upon what factors does the success of a cooling process by means of ice depend? 

15. What is a freezing mixture? How are freezing mixtures used in refrigeration? 

16. Where should the cooling coil be placed in the cold-storage room? 

17. Into what two types can mechanical refrigeration processes be divided? Define 
each. 

18. Draw a diagrammatic sketch of a cold-air refrigerating machine and explain its 
operation. 

19- Upon what principle are the vapor refrigerating processes based? 

20. In what two ways may temperatures below atmospheric be obtained by the use 
of vapors? 

21. Explain the operation of a water-vapor refrigerating machine. 

22. Draw a sketch of an elementary ammonia refrigerating process, and explain its 
operation. Why is this arrangement not used in commercial vapor refrigeration 
processes? 

23. Name the liquids frequently used in commercial vapor machines. Give the kind 
of conditions for which each one is best adapted. 

24. By what two methods may the vaporized liquid be restored to its initial liquid 
condition ? 

25- What are the essexitial parts of a vapor compression refrigerating process and 
explain the use of each? 

26. Explain why a compressor is necessary in a vapor compression refrigeration 
process. 

27. Wherein does the vapor absorption process diifer from the vapor compression 
process? 

28. Draw a sketch of an elementary vapor absorption process and explain its operation. 

29. Desci'ibe the operation of a commercial vapor absorption process. How does it 
differ from the elementary process? 

30. How can the increase in efficiency obtained by the use of the exchanger and recti- 
fier be explained? 

31. What are the relative merits of the absorption and compression processes? 

32. Upon what conditioxis does the economical operation of vapor processes depend? 

33. Explain the brine or “indirect” system. Discuss its adv^autages and disadvan- 
tages. What is the direct systenr? 

34. Describe the can system of ice making, when using raw water. Describe the 
plate system. 
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35. Define a ton refrigeration. Explain the difference between ton refrigeration 
capacity and ice-making capacity. 

36. How much power is generally recjuired per ton refrigeration? 

37. What is meant by the coefficient of performance? 

38. Describe the liquid-air process, 

PROBLEMS ON DIVISION 18 

See also the refrigeration problems in and following Div. 12. 

1. The temperature of the atmosphere is 70® F. and its relative humidity is 8.40. 
What is the lowest temperature that can be obtained by surface evaporation? 

2. An ice-box with a surface of 520 sq. ft. has a leakage of 0.7 B.t.u. per sq. ft. per 
hr. The heat that must be absorbed from the contents and the air changes is 900 B.t.u. 
per hr. How much ice will be needed every 24 hr.? Assume latent heat of ice as 144 
B.t.u. 

3. Air at 100 lb. per sq. in. abs. and a temperature of 100® F. is allowed to expand in a 
cylinder and do work on a piston until the pressure falls to 40 lb. i>er sq. in. abs. Assum- 
ing adiabatic (frictionless) expansion, what is the temperature of the expanded air? 

4. If water is to boil at 50® F., what must be the pressure of the water? 

5- If 10,000 B.t.u. must be absorbed from a room per hour, how many pounds of 
anhydrous ammonia at a temperature of 80® F. must be vaporized at a pressure of 29.95 
lb. per sq. in. abs. each hour? Assume ammonia vapor leaves dry and saturated. 

6- If the temperature of the coirdenser cooling water is 70® F., what is the minimum 
condenser pressure allow'able in an ammonia compression process? 

7 . If the water is at 70° F., how much heat must be absorbed from 1 lb. to change it 
into ice, when the ice is cooled to a temperature of 20® F. 

8 . If in an actual plant 260 B.t.u. are absorbed to freeze 1 lb. of ice, what is the capac- 
ity in tons refrigeration required to produce 5 tons of ice in 24 hr.? 

9. In a certain plant, the compressor does 2.0 hp. of work for a ton refrigeration cooling 
effect. What is the coefficient of performance? 
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662. Instruments for measuring heat effects 

will be discussed in this division. Strictly speak- 
ing, heat cannot be measured. But certain of its 
effects, such as temperature, pressure, volume 
change, and the like, may, with properly designed 
instruments, be quite accurately measured in units 
(discussed in preceding divisions) which have been 
adopted for this purpose. Quantitative consider- 
ation of the values, stated in terms of these units, 
which may be obtained under different heat con- 
ditions affords much information which is almost 
invaluable to the engineer. In fact, the material 
in the preceding divisions of this book is based 
largely on data which have been or may be obtained 
only through the use of heat“effect measuring 
instruments of the different types. 

Note. — The characteristics op the different in- 
struments WHICH WILL BE DISCUSSED in the following 
sections are, in most cases: (1) applications j (2) operating 
principle j (3) installation, (4) accuracy, (5) maintenance, and 
(6) calibration. 


663. A thermometer (Fig, 583) is a device for 
measuring temperature (Sec. 67). All temperature- 
measuring devices are not, however, called ther- 
mometers; see Sec. 672. The term thermometer is 
usually applied to those temperature-measuring 
instruments which depend for their operation upon 
the expansion or contraction of a fluid or solid, and 
which are capable of indicating temperatures 
ranging from about -“150 to +1,000 deg. Fahr. 
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For measuring extremely-high or low temperatures, devices 
called pyrometers (Sec. 672) are ordinarily employed. For 



Tig. 584. — Front view of bi-metallic Fig. 586. — Remote-reading indicat- 

thermometer. in.g thermometer. The bulb, B, is to 

be located at the point at which the 
temperature is to be taken. 


piinciples, method of construction, and the different scale- 
systems of thermometers, see Secs. 57 to 64. 


Tiust-Or Mojstur^z-Proof Cofs&-\ 



Fig. 686. — Remote-reading mer- 
cury recording thermometer. ( Taylor 
Instrument Co., Rochester, N. Y.) 


664. Thermometers may be 
divided into two general classifi- 
cations : (1) Indicating thermom- 
eters (Figs. 583, 584 and 585), 
which indicate the temperature 
existing at the location under 
consideration. (2) Recording 
thermometers (Fig. 586), whereby 
the temperatures obtaining at all 
of the different instants through- 
out a certain time period are 
recorded on a chart. Indicating 
thermometers of different types 
may be obtained. The temper- 
ature change may be indicated 
by virtue of the expansion or con- 
traction of either a solid, a liquid, 


or a gas. The operation of recording thermometers (Fig. 598) 


usually depends upon the expansion of a liquid, a gas, or a 
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vapor. Mercury and alcohol are the liquids which are ordi- 
narily used in indicating thermometers. For discussion of the 



various types under each of these classifi- 
cations, see following sections. 

665. Mercury or alcohol indicating ther- 
mometers (Figs. 587 and 588), which are 
especially designed for convenience in deter- 
mining temperatures, within the previously 
specified thermometer temperature ranges 
(Sec. 663), for practically any industrial 
service, are regularly manufactured. For 
extremely accurate determinations, a ther- 
mometer which has the graduations engraved 
on the glass stem (Fig. 583) should be used. 
If the nature of the work is hazardous as to 
glass breakage, an armored thermometer 



Fig. 587. — Handled" Fig. 588. — 'Straight-stem (S) and 

thermometer suspended obliciue-stem (O) thermometers equip- 

for use in open kettle. ped. with oblique flanges and mounted 

on a digester. iTaylor Instrument Co.) 


(Fig. 589) should be employed. For temperature determi- 
nations where fa,cility of reading and protection from breakage 
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are more important than extreme accuracy, the thermometer- 
bulb and stem are secured (Figs. 590 and 591) to a metallic 



mounting. The graduations on the scale, which is 
held on or which is stamped in the mounting, are 
made extremely large, and that part of the glass stem 
which is visible from the front nearly always is so 
shaped (Fig. 591) as to magnify the liquid column in 
the glass tube. 

Note. — For measuring the temperature of a confined 
SUBSTANCE, such as steam or a liquid in a pipe line or tank, a 
thermometer well (Fig. 592) may be screwed (Fig. 593) into a 
tapped hole in the pipe or tank. To insure that the 
thermometer-bulb will not be air-jacketed and that it will be 
at the same temperature as the fluid, the temperature of 
which is being measured, the well is filled with mercury, 
melted solder, or oil, and the thermometer-bulb is then 
placed in the liquid-filled well. Another type of thermometer 
which is used for the same purpose, where- 
in the thermometer-mounting is rigidly 
fastened to the well, is shown in Fig. 594. 

This construction is generally employed 
for permanent installations. Thermom- 
eters, of this general type, are available 
which have dimension B (Figs. 588 and 
595) equal to a maximum of about 5 ft., 
and angle A varying from 15 to 180 deg. 

666. Indicating thermometers of 
the dial -type (Figs. 584 and 596) 
which operate on the bi-metallic 
expansion principle (Sec. 188), are 
not, ordinarily, highly accurate un- 
less very carefully and expensively 
constructed. Low-priced thermom- 
eters of this type are particularly 
applicable for the approximate 
determinations which are satisfac- 
tory in residences and offices. They 

Fig. 589. — Armored thermometer. The iioles, 

H, in the armor are to permit intimate contact Fig. 59().~l'her- 
between the thermometer bulb and the substance monieter mount e(i 
in which it is immersed. on inetul case. 
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are rugged in construction, and not so easily broken as are 
glass mercury thermometers The usual temperature range is 



Fig. 591. — Transverse section through, 
a protecting thermometer-scale case. 


,^P/ugr W/ten I/? 
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' on K- Elevation 


I-S e c t 

Fig. 592. — Thernaometer well. 



Fig. 593. — Thermometer well pro- 


tected by waste. 



Fig. 594. — Thermometer with 
socket for insertion, in steam, line. 
{Taylor Instrument Co.) 


from about —40 to +160® F. More accurate dial-type indi- 
cating thermometers employ a mechanism similar to that used 
by the recording thermometer. Figs. 586 and 598. 
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— The principle oe the bi-metallic, or 
METAL,' THERMOMETER has been explained in Sec. 188. 
mostatic-metal strip be coiled into a spiral (Fig. 597), 


THERMOSTATIC- 
If sncli a ther- 
tlie metal strip 



will, if its temperature is changed, tend to become more nearly straight 
or it will tend to curve more, depending upon the metals, their arrange- 
ment, and the temperature change. If the strip has a tendency to 



Fig. 596. Pig. 697. 

Fig. 596. — Rear view of bi-metallic thermometer of Fig. 584. 

Fig. 697. — Top view of spiral showing action of circular thermostat. (A and B are 
different metals. The increase, C, in circumference is about ir or 3.14 times the increase 
in diameter, £>.) 


Straighten, the diameter of the spiral (Fig. 597) will be increased, and 
hence its circumference will be increased. Since the lineal length of the 
spiral strip remains nearly constant, this increase and decrease in cir- 
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cumference will, if one end of the spiral is held stationary, cause the other 
end to move along the circumference. By providing a number of turns 
as S, Fig. 596, this movement will be greatly increased. The loose end 
of the spiral is connected to a gear (<?, Fig. 596) which operates to rotate 
the indicating hand over -the dial (Fig. 684). With proper calibration, 
the temperature of the medium surrounding the coil is thereby indicated. 

667. A remote-reading thermometer (Fig. 585) is one 
which has a long metallic capillary tube, F, that connects the 
bulb, B, to the actuating mechanism which is within the case. 
The length of this capillary tube may vary from a few inches 
to about 100 ft. With this instrument, the bulb, B, is located 
at the point (which may be relatively inaccessible) where the 
temperature is to be measured and the indicating portion, J, 
of the instrument is mounted where it may be read con- 
veniently. Remote-reading thermometers may be purchased 
in either the recording or the indicating type. They are 
capable of operating over temperature ranges of from about 
*—40 to +1,000® F. The substance contained in the bulb and 
capillary tube may be either a liquid, a vapor, or a gas depend- 
ing upon the temperature range. In one make of these 
thermometers (the Bristol) the temperature ranges for the 
different media are liquid, —*60® to +150® F.; vapor, +90® to 
+500® F.; gas, -60® to +800® F. 

668. A recording thermometer (Figs. 586, 598 and 599) 
automatically plots a graph bf temperature against time. 
In many applications, such as core, enameling, and japanning 
ovens, cold storage rooms, drying rooms, and the like, the final 
quality of the product depends upon certain heat processes. 
In nearly every heat-treating process there are predetermined 
limits within which the temperature must be maintained for 
given lengths of time. Frequently any variation from these 
will seriously damage the product. By using a recording 
thermometer, a complete and continuous temperature record 
may be obtained. The temperature range of recording ther- 
mometers is from about —40 to +1,000® F. Instruments 
of this type may, for low-temperature ranges, be either 
self-contained (wherein the bulb is contained within the 
instrument), or, for all temperature ranges, they may be 
remote-reading. 
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Explanation. — The mechanism of a remotb-eeadino mercury 
RECORDING THERMOMETER is showD. in Figs. 586 and 598. The spiral 
tubular coil, is connected to the remote bulb, B, by the tube, T. The 
bulb and tube are identical with those in Fig. 585. Mercury, which is 



the actuating medium in Fig. 579, fills the bulb, extends through the fine 
bore in the flexible tube, and through the fine bore of the coil S, Upon 
being heated or cooled, the mercury in the bulb expands or contracts 

and the pressure thus produced is 
transmitted by the mercury column in 
the tube to 3, This causes the free 
end of S to move (Sec._ 688). This 
free end of 3^ by means of the lever, U, 
operates the pen-arm, A. 

Thus A moves to the right as the 
temperature increases and to the left 
as it decreases. The chart, jD, being 
properly graduated, the temperature 
at the bulb is indicated by the position 
of A, The chart, X), is rotated by the 
clock-movement, C, so that D makes, 
say, one revolution in 24 hr. Suppose 
at 11 p.m. the apparatus is started, 
and the chart is so adjusted that the 11-p.m. line is directly under the 
inked pen point, P, which is carried on A. Then 24 hr. later, the 11-p.m. 
line will have again rotated around to a position under the pen point. A 
complete and continuous 24-hr. temperature record is thereby provided. 



Fig. 599. — Recording thermometer 
to record temperature inside can. while 
being processed. 
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The bulb, B, of Fig. 598 may be filled with a volatile liquid or gas. 
Upon being heated, some of the volatile liquid will evaporate, causing 
the pressure above the liquid to increase until it equals the pressure 
corresponding to the boiling point of the liquid at its present temperature. 
This pressure is transmitted through the capillary tubing to the hollow 
helical tubing, causing it to expand in the same manner as a Bourdon 
tube, as explained under Sec. 688. 

669. Tlie calibration of thermometers is usually effected 
by comparison, with a secondary standard. A secondary- 
standard thermometer is one that has been calibrated against 
a primary-standard gas thermometer. Any thermometer 
manufacturer, and also the U. S. Bureau Of Standards, Wash- 
ington, D. C., have suitable apparatus for doing this work. 
The charge is a nominal one of about 25 cents per calibration- 

670. To check the ^aduations of mercury thermometers 
as to the boiling point and the freezing point of water, the 
following method, which is sufficiently accurate for all power- 
plant determinations, may be used : Suspend the thermometer 
(Fig. 70) so that it will be entirely surrounded, up to the 
reading point, in the vapor of pure boiling water at atmos- 
pheric pressure. Note the reading. Also note the then-exist- 
ing atmospheric pressure as shown by a barometer. From a 
steam table (Sec. 394) ascertain the actual boiling point for 
water at the existing atmospheric pressure. The difference 
will be the error in the position of the boiling point. Now sur- 
round the thermometer to the reading point with a mixture of 
water and ice. The difference between the reading thus 
obtained and the 32® mark (Fahrenheit scale) will be the error 
in the location of the water-freezing point on the thermometer. 

Note. — Thermometers Shouxd, To Insure Acgttrate Tempera- 
ture Headings, Be Calibrated Frequently. — By continued use, the 
alternate cooling and heating of the bulb will effect a change in the 
coefficient of expansion of the glass. This will, unless corrected by 
frequent calibration, result in erroneous readings. A thermometer is 
usually calibrated while immersed up to the point calibrated. When 
thermometers are so used that it is impossible to obtain such immersion, a 
stem correction may, for Fahrenheit thermometers, be applied by using 
the following formula: 

(378) Stem correction — 0.000,088 X (No. of degrees projecting) X 
(Thermometer reading — Mean temperature of emergent stem). 
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Glass-tube thermometers are made which are accurate to within about 
0.01° F. 

Thermometer May Be Grai)itatei> In Any Desired 
System. — ^Those systems, as explained in Sec. 59, which are most fre- 
quently used are the Fahrenheit and the Centigrade. The relation 
which exists between the temperature of saturated steam and. the steam 

pressure (Sec. 315 and Table 394) 
permits a thermometer to be cali- 
brated (Fig. 600) both in degrees and 
in pounds per square inch. Such a 
thermometer, when used to measure 
the temperature of saturated steam 
(Sec. 354), also provides an accurate 
pressure gage. 


Temp'zrature’ . 
SootliZ^ In ' 



Scarl^ In 


^pi-oinofofrol 

Threoioi, 


671. Certain Precautions 
Should Be Observed In The Use 
Of Thermometers. — The loca- 
tion of the thermometer bulb 
should be such that intimate 
contact will be provided between 
it and the substance the tem- 
perature of which is being deter- 
mined. If the bulb is located 
in a pocket or is in contact 
with a containing wall or other 
obstruction^ erroneous readings 
will usually result. A thermom- 
eter which is used in a well 
(Fig. 593) should be kept from 
contact with the metal by waste. 
A thermometer should not be 
carried bottom end upward. It should never be subjected to 
temperatures which will cause the indicator to pass beyond the 
highest temperature graduation. 


Fia. 600. — Thermometer graduated 
to read temperature in degrees Fahren- 
heit and saturated-steam pressure in 
pounds per square inch gage. 


Note. — In Important Tests Where Temperature Determina- 
tions Are Required, Ale Thermometers Should Be Calibrated At 
The Beginnino And At The End Of The Test. — They should be 
calibrated at the beginning so that, in the event one is broken during the 
test, the data which have been obtained with it will not be uncertain. 
They should be calibrated at the end to determine if any change has 
occurred during the test. A reserve of calibrated thermometers should 
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be available for any important test. Then, if any thermometers are 
broken during the test, others may be substituted without interfering 
with its progress. 

672. A Pyrometer Is An Instrument Especially Adapted For 
Determining Extremely High Temperatures. — But, when 
suitably designed, a pyrometer may also be utilized effectively 
for relatively low temperature determinations. For measur- 
ing temperatures of from about 1,000 to 3,600° F. pyrometers 
are required because these high temperatures are above the 
range of thermometers (Sec. 663). Pyrometers are applicable 
to such heat-treating processes as are found in the ceramic 
industries, steel mills, blast furnaces, glass plants, cement 
plants, foundries, gas plants, oil refineries, and the like. They 



are also used, in steam-power plants, for determining the flue- 
gas and other temperatures in the various passes in the boiler, 
stack, and furnace. 

673. The Principal Types of Commercial Pyrometers are: 
(1) Thermo-electric 'pyrometers. (2) Direct-radiation pyrom- 
eters. (3) Resistance pyrometers. (4) Optical pyrometers. 
(5) Seger cone pyrometers. Each will be discussed briefly in 
the following sections. 

674. The Thermo-electric Pyrometer Is Well Adapted To 
Multi-point Temperature Determinations. — As suggested in 
Pig. 601, there maybe installed in each of a number of fuimaces, 
one thermo-couple which is connected to an indicating pyrom- 
eter located near the furnace. Also, each thermo-couple 
can be connected to operate a multi-point recording pyrometer 
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which may be located in the superintendent's office. Thus the 
furnace-operator may, by closing the proper switch, determine 
the temperature of any furnace. Also, the superintendent is 

provided with a continuous tem- 
perature record. The recording 
pyrometer, or pyrograph^ may be 
2,000 ft. or more from the fur- 
naces. Figures 602, 603 and 
604 show industrial applications. 


Hof Gcfs Passofgfes-'' 


Fia. 602. — Thermo-electric pyrometer Fia. 603. — Thermo-electric pyrometer 

installed in an oil-burning furnace. applied to a gas furnace. 

676. The principle of the thermo-electric pyrometer 

(Fig. 605) is based on what is known as the thermo-couple. 
If two wires of different metals (Fig. 606) are connected at A 
and J5, and one of the junctions, as B, is heated so that its 
temperature is greater than the temperature of A , an effective 
electromotive force will be generated, at the junctions, which 
is proportional to the temperature difference between A and 
B, and an electric current will, thereby, be made to flow in the 
circuit. If a suitable electric measuring instrument such as a 
milli-voltmeter (E, Fig. 607) is interposed in the circuit, the 
generated voltage may be read thereon. Since the voltage 
generated by such an apparatus is proportional to the tem- 
perature difference between the cold and hot junctions, the 
scale of the milli-voltmeter may be graduated to read the 
temperature directly in degrees. 
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676. A commercial indicating thermo-electric pyrometer 

(Fig. 598) consists of a properly 
protected thermo-couple, T, the 
connecting cable, C, and an 
electric voltmeter, E, which is 
graduated to read in degrees of 
temperature. The bare thermo- 
couple (Fig. 608) should, before 
it is exposed to high temperature, 
be enclosed in some sort of pro- 
tecting tube (Figs. 609 and 610). 

These protecting tubes may be of 
various materials, such as iron, 
copper, nickel, chromium, quartz, 
porcelain, firebrick, graphite, or 

silica, depending upon the service indicating temperature of a 

. 1 • 1 , 1 ,1 T molten-metal bath. 

for which they are to be used. 

Note. — The metals op which pyrometer, thbrmo-coxjpl.es are 
MADE may be divided into two classes: (1) Base metals, (2) Rare metals. 



Fig. 605. — Thermo-electric pyrometer, showing installation of a thermo-couple. 



Fig. 604. — Thermo-electric pyrom- 


iJancf/or? 




Fig. 606. Fig. 607. 

Fig. 606. — A thermo-couple. (A difference in temperature between A and a gene- 
rates an e.m.f. which is proportionalto the temperature difference.) 

Fig. 607. — Principle of the thermo-electric pyrometer. 


The base-metal thermo-couples are usually made of iron or nichrome and 
constantan wire (constantan is an alloy of 60 per cent, copper; 40 per 
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cent, nickel). They are suitable for use in measuring temperatures up to 
about 1,600° F. They are not as accurate as are the rare-metal thermo- 
couples, but are of more robust construction, and cheaper. The rare- 
metal thermo-couples are formed, usu^ly, by using one wire of platinum 
and one of 90 per cent, platinum and 10 per cent, rhodium. They may 
be used to measure temperatures as high as about 2,800° F. 


of f^ce/atny 

Dissfm/krr Metcr/s-^^^ /nsulartor 


'Mcfee/ 

Junction 


Thermo - Couple^^-- 
Term/na/s 



Thermo ~ Couple 
Termma/s^. 


Profect/ngr 



f^r// Fla net o 


Fig. 608 . — Bare thermo-couple. 


Fig, 609- — Thermo-couple enclosed 
in protecting tube. 


fTticrof- 


AlancTums 

Porcelotirr. 




677. The Temperature Of The Cold Junction Of A Thermo- 
electric Pyrometer Should Be Kept As Near Constant As Is 
Practicable. — Since (Sec. 175) the deflection of the instrument 

is proportional to the temperature 
difference between the hot and cold 
junctions, it is evident that if a tem- 
perature variation of the cold junction 
occurs, the temperature as indicated by 
the instrument will change, even 
though the actual temperature of the 
hot junction has remained constant. 
In installations where a high degree of 
accuracy is not required, the cold 
junction may be placed near the floor. 
Various thermostatic devices are on 
the market which maintain the cold- 
junction temperature constant to with- 
in about 1° F. There are also various 
devices built into potentiometers that 
automatically so vary the circuit-resist- 
ance as to compensate for small cold-junction temperature 
variations. 

678. Calibration of thermo-electric pyrometers may be 

readily effected by comparison with a standard gas thermom- 
eter. Such a calibration may be obtained from the Bureau 
of Standards, Washington, D. C. A standardized pyrometer 



'^-r;r&-Sricir 
Fiirncice Interl p .r 

Fig. 610. — Taylor Instru- 
ment Company’s short-type 
thermo-couple. 
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may be secured from any pyrometer manufacturer for use in 
plants where it is necessary that a large number of p3nrometers 
be checked frequently. Chemically-pure salt (sodium chlo- 



Fia. 611. — The F6ry radiation psrrometer measuring temperature of inside of furnace- 

ride), which can be purchased at any chemical supply house, 
may be used for checking pyrometers. The salt is raised to a 
temperature of about 1,500® F., the thermo-couple inserted 
in the molten salt and the temper- 
ature allowed to drop. As the 
temperature decreases, there will 
be a temperature-drop lag when 
the salt freezes. At this point 
the pyrometer should read 1,474® 

F. The melting points of such 
metals as tin, zinc, and lead as 
given in Table 285 may also be 
used in calibrating pyrometers. 

E. The accuracy of a thermo- Fiq. 612. — Outdoor installation of 

ELECTKIC PYROMETER will depend upon : f 
(1) The precision of calibration. (2) 

The uncompensated temperature variation of the cold junction. (3) The 
scale graduations. Temperatures may be determined by this instrument 
to within ±5° F. In general, thermo-electric pyrometers are accurate 
to within 0.6 per cent, of the temperature range of the instrument. 

679. The F6ry radiation pyrometer (Fig. 611) utilizes the 
radiant energy (Sec. 142) which emanates from a hot object to 
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measure the temperature of the object. It is particularly 
applicable as a portable instrument in determining high 
furnace temperatures (Fig. 612), and also the temperature of 
molten metals. An instrument of this type is not subject to 
any deterioration in measuring high temperatures because no 
part of the instrument will be heated to a temperature greater 
than about 280"^ F. This apparatus is capable of determining 
temperatures, within an accuracy of about 5° F,, from about 
1,200 to 3,600® F. The calibration of the Fdry radiation 
pyrometer is based upon the Stefan-Boltzmann law (Sec. 147) 



Fig. 613. — Elevation and section of the F^ry radiation-pyrometer telescope. {Based on 
design of Taylor Instrument Co., Rochester, N. Y.) 

of black-body radiation. Therefore, unless the instrument 
is especially calibrated, certain correction coefficients must be 
applied to temperature readings taken upon bodies in the 
open, such as a stream of molten metal. These correction 
coefficients will be supplied by the manufacturer. 

Note. — The principle of operation of the f^iry radiation 
PYROMETER may be explained thus: The instrument (Figs. 611 and 613) is 
sighted at the object, the temperature of which is to be determined, by 
looking through the eye-piece, E (Fig. 613), and by focusing with the 
thumb-nut, H. The radiant heat waves are reflected by the concave 
mirror, M, and focused on the hot junction of a thermo-couple at F. 
The thermo-couple is connected to a voltmeter temperature indicator 
through the terminals, T. The temperature indicator may be of either 
the indicating or the recording type. A second scale is provided for 
higher temperatures. To use this second scale, the shutter, D, is partially 
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closed over the mouth of the telescope, thereby decreasing the radiant 
energy which enters it. The instrument may be so designed that, within 
wide limits, its accuracy is independent of the size of the hot body or of 
the distance of the instrument from the body. 

680. The resistance pyrometer is a temperature-measuring 
instrument — ^it may be either indicating or recording — which 
depends for its action upon the change in the electrical resist- 
ance of a conductor when the temperature of the conductor 
changes. These instruments are particularly well adapted for 
accurate temperature measurements over a range of from 
— 150, or even lower, to +1,800*^ F. They are accurate to 
within about 0.5 per cent., or within 2® at 400'' F. In this 
instrument, a resistor coil of platinum, nickel alloy, or copper 
wire, which is enclosed within a suitable protecting tube, 
is installed at the point where the temperature is to be meas- 
ured. Since the resistance of the resistor coil increases or 
decreases according to the temperature, this change in resist- 
ance can be readily and accurately measured with a Wheat- 
stone bridge, a galvanometer, and a pair of dry cells. 

Note. — The calibration of a resistance pyrometer, is usually 
effected by comparing its readings with those of a standard instrument, 
or by measuring its resistance in melting ice, in steam, and in the vapor of 
boiling sulphur; see also Sec. 678. Other temperatures are then calcu- 
lated by means of formulas. The constants used in the formulas depend 
upon the temperature coefficient of resistance oi the metal of the resistor coil- 

681. Optical pyrometers are temperature-measuring instru- 
ments which depend for their action upon the comparison of 
the intensity of the light which is emitted from the hot body, 
with the intensity of light which is emitted from a standard 
source — ^usually a standardized incandescent lamp. To 
minimize color difficulties, and to simplify the use of the instru- 
ment, only that wave length which to the eye appears red (Sec. 
180) is retained. Then, by adjusting the apparatus so that 
two adjacent fields of vision, each of which is illuminated by 
one of the sources, have the same intensity of illumination, the 
temperature is determined by graduations on the instrument. 

Note. — A similar instrument employs an incandescent lamp which 
is placed between the observer and the object, the temperature of which 
is to be measured. Then, with a rheostat, the current through the 
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lamp is so adjusted that the lamp fiOlament becomes invisible. A milli- 
ammeter is connected into the circuit to measure the lamp current and 
is graduated to read temperature in degrees. This type of instrument 
is comparatively inaccurate. It cannot be employed for temperatures 
below 900® F. 

682, Proper Installation And Maintenance Of Pyrometers 
Is Essential. — Only thus can satisfactory results be obtained. 
Stationary instruments should be mounted on a wall or post 
which is reasonably free from vibration. The thermo-couple 
or the resistance coil should be so installed in the furnace or 
heated device that the protecting tube extends at least 2 in. 
inside the wall. If a porcelain or fire-brick protecting tube 
is used, its temperature should, to lessen the probability of 
breakage, be raised slowly. A horizontally installed thermo- 
couple (Fig. 605) should not, where temperatures exceed 
about 1,600"^ F., extend into the furnace over 3 in. without 
being supported at the end. This is to prevent breakage 
due to sagging. All wiring should, where possible, be installed 
in conduit and the leads insulated from each other. Porce- 
lain insulators are used where the wire is too hot for other 

types of insulation. Instru- 
ments should be checked fre- 
quently for accuracy. The 
indicating apparatus of pyrom- 
eters is extremely delicate, and 
should be handled accordingly. 

683, Seger cones, which have 
already been described in Sec. 
283, are economical and satis- 
factory for estimating high tem- 
peratures in kilns and furnaces. 

684. A pressure gage is an 
instrument for measuring the 
pressure (Fig. 16 and Secs. 5 to 

19) exerted by a liquid, a vapor, or a gas. These instruments 
may for various services be so designed and graduated as to 
read pressures which range from about 0.00007 lb. per sq. in. 
in draft gages, up to about 5,000 lb. per sq. in. in hydraulic 
gages. 



Fig. 614. — Bourdon-tube pressure 

gage. 
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686. The operation of pressure gages is usually based 
upon one of the four following principles: (1) The manom- 
eter, Fig. 17. (2) The Bourdon tube, Fig. 614. (3) The 

diaphragm, Fig. 624. (4) The spring-and-piston. Fig. 630. 

Gages of any of these tjrpes may be employed to determine 

1*1 •.-f ^ 


Pipz. Corinzcthns- 


pressures which are either above or below 
that of the atmosphere. They are usually 
graduated, to read in pounds per square 
inch, inches or millimeters of mercury 
column, or inches of water column. How- 
ever, any other desired units of pressure 
(Sec. 19), such as ounces per square inch, 
pounds per square foot, and the like, may 
be used. If absolute pressure is desired, 
atmospheric pressure must be added to the 
gage reading. Gages of each of the four 
above specified types are discussed in the 
following sections. 

686. The manometer (Figs. 17 and 18) 
typifies the simplest form of pressure gage. 

It is particularly applicable for measuring 
partial vacuum, and (Fig. 615) low pres- 
sures such as those which are produced in 
the ashpit under a boiler where forced draft 
is used. Manometers are seldom employed 
to measure high pressures. This is because of the great length 
of tubing which would be reqmred to obtain a practical work- 
ing range. For principle of operation and description see 
Sec. 13. Manometer pressure gages of various designs 
treated in the following sections. 



Fig. 615. — IVTanome- 
tei. pressure gage for 
determiiiing pressure of 
forced draft in ash pit. 


are 


Note. — Pbessitre Readings By Manometers Are Determined By 
The Difference In The Levels Op The Liquid In The Two Legs Of 
The Tube (Sec. 13). To obtain economical construction, a manometer 
(Fig. 616) which has one short leg, may be utilized. The cross-sec- 
tional area of S is many times larger than that of the long leg, L. Assume 
that the instrument is, when both tubes are open to the atmosphere, 
filled with mercury up to the O-graduation mark. Now let the outlet, C, 
be connected to an exhaust pump and the air exhausted from JL until the 
mercury has risen exactly 10-in. in L. Suppose the cross-sectional area 
of S is 10 times that of L. If the mercury rises 10 in. in JL it will drop 1 
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in. in S. Hence, instead of the vacuum being 10 in. of mercury column, 
it wiir be 11 in. Therefore, the distance from the 0~graduation mark 
to the 11-in. graduation mark must be 10 in. It follows that the distance 
between each two successive 1-in. graduations must, 
if the instrument is to read directly in inches of 
mercury column, be ^ % i in. This method of 
construction is frequently employed in draft gages; 

--Xnchtzs Of see Fig. 617. 

Mzrcury 

687. A typical draft gage of the manom- 
eter type is shown in Fig. 617. By 
mounting the long leg, L, in an inclined 
position, increase or decrease in the vertical 
liquid-column height causes the liquid level 
(meniscus) to move along L a distance 
equal to (the vertical distance moved) X (the 
cosecant of angle A ) . This makes it possible 
to graduate the scale more closely. Thus, 
if the sine of the angle A is 0.1, its cosecant 
(reciprocal of the sine) is 10, and then a 
change in the impressed pressure of 1-in. 

^10 water, column will cause the liquid level to 

move 10 in. in L. Draft gages are usually 
graduated to 0.01 in. An oil (Red Seal, 
opzriTo specific gravity, 0,83) which is lighter than 
water, and which is colored red, is ordi- 
3r:ir3; narily used in these instruments. Thereby 

another means of scale lengthening is 
o^ypl provided. The instrument must be ad- 

wjia jSIL j justed by centering the bubble of the spirit 

Fig. 616.— Short-leg level, B. Draft gagCS which are construct- 
manometer mercury attachment of each end to a separate 

vacuum gage. 

space, and which indicate the difference of 
pressure in the two spaces, are called differ entiaV^ draft 
gages. For detailed discussion concerning installation of draft 
gages, see the author^s Steam Boilebs and Practicae Boiler 
Room Economy. 

ISTotb. — The barometer, of both the manometer and diaphragm 
(aneroid) types, is discussed in Secs. 10 and 11. 
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688. The Bourdon-tube pressure gage (Fig, 614) is one 
which depends for its action on the change of curvature 
(Fig. 621) which occurs in a curved metallic tube when the 
pressure on a fluid therein is varied, A gage of this type is 
particularly applicable for measuring high pressures. It is 



also designed to measure pressm-es which are below that of the 
atmosphere. For determining pressures above atmospheric, 
these gages are usually graduated in pounds per square inch, 
but may also be graduated in feet of water column, tons per 



Fig. GIS. — Combined pi-essure gage 
for measuring both pressure and 
vacuum with the same instrument. 



H-Circulctr Section 


Fig. 619. — Elliptical 
and circular sections 
which have the same 
perimeter. 


square inch, and in atmospheres. For measuring the pres- 
sures of partial vacuua (that is, pressures below atmospheric), 
they are generally graduated in inches of mercury column. 
A compound pressure gage (Fig. 618) is one which is designed 
to measure pressures both above and below atmospheric 
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pressure on the same diaL Bourdon-tube pressure gages are 
suitable for measuring pressures as high as 10^000 lb. per sq. in. 
They are made in both the indicating and recording types. 

A recording pressure gage is similar 
in operation to the recording 
thermometer (Sec. 668). For ex- 
planation of Bourdon-t u b e-gage 
operation, see explanation below. 

ExPLAJSTATIOlSr. ^ThE 5 PRI2SrCIPI.E OP THE 

BOtTRDOK-TXXBE PRESSURE GAGE is based 

OH the fact that, if a fluid is forced under 
pressure into a curved tube, the tube 
tends to straighten out. The straighten- 
ing tendency is increased if the tube is of 
an oval section. Why this is true will 
be explained: If a fluid under sufficient 
pressure be forced into an elastic tube 
having an elliptical (or any other than 
a circular) section, A (Mg'. 619), the 
elastic tube will be forced to assume a circular section, B. Hence, 
it follows that if a fluid under pressure is forced into an elastic flat- 
tube ring (Fig. 620), when the ring section is changed by the internal 
pressure from a flattened circle. Si, to a true circle ^ 2 , the outer circum- 



Fig. 620. — Showing how internal 
pressure in a flat flexible-tube ring 
changes shape of its cross section, 
and thereby increases its external 
dianaeter and decreases its internal 
diameter. 



Fig. 621. — Illustrating principle of Bourdon tube. (Driving W into inner tube- wall 
produces compression therein. Pinching the outer tube-wall with P produces tension 
therein. Both operations tend to straighten the tube, T.) 

ference of the tube will increase from Ci to Ci. Likewise, the inner cir- 
cumference will decrease from to Ri, Since the outer circumference 
is increased, the particles of the metal in it are under tension. Since the 
inner circumference is decreased, the particles in it are under compression. 
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Now, if pressure is applied to the interior of a flat curved tube (Fig. 
621), the effect of the tension in the outer circumference and the compres- 
sion in the inner circumference is to 
straighten the ring from the position 
shown by the dotted lines to the posi- 
tion shown by the full lines. The 
result is the same as that which 
would occur if tension were introduced 
at many points along the outer cir- 
cumference by pinching parts of it 
together with pinchers (F, Fig. 621) 
and simultaneously introducing com- 
pression at many points in the inner 
circumference by driving therein 
wedges, W. In an actual Bourdon- 
tube gage (Fig. 622), the movement 
of the free end of the tube, T, as it 
tends to straighten, rotates the indi- 
cating hand, I. The motion is trans- 
mitted through the link, L, the sector, 

S, and the gear, G, which is mounted 
on the index-hand shaft. 



Pia. 622. — The mechanism of a Bour- 
don-tube pressure gage. 


689. A Siphon Or Water- 
seal Must, For Steam-pressure 
Determinations With Bourdon-tube Gages, Be Interposed 
Between The Tube And The Steam (Fig. 623). — The tempera- 




Fig. 623. — Typical gage siphons used with Bourdon-tube steam pressure gages. 


ture of the Bourdon tube should not be permitted to exceed 
about 150° F. Temperatures greater than this in the tube may 
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be prevented by a bent pipe or a vessel (Fig. 623 II ^ and 
III) which will always contain water. With such an arrange- 
ment there is a column of water between the hot steam and 
the gage tube. The gage tube contains relatively-cold water 
and a little air. 


Note. — Botirdon-tubb gages for locatiistg where the waIter 

CONTAINED THEREIN MAT BE SUBJECTED TO FREEZING TEMPERATURES 
should be SO made as to be self-draining. 


690. The diaphragm-type pressure gage is shown in Fig. 
624. The general principle is the same as that of the aneroid 
barometer^ Sec. 11. The corru- 
gated diaphragm, D, is, when sub- 
jected to pressure, bulged upward 
or downward, depending on the 
side on which the pressure is the 



Pig. 624.— Illustrating principle of dia- 
phragm pressure gage. 



Fig. 625. — Multiple diaphragm or 
diaphragm-box-spring recording pres- 
sure gage — cover removed. 


greater. This movement is, transmitted through the con- 
necting strut, P , the sector, iS, and the gear, G, to the indication 
hand, /, thus moving I over the scale to indicate the pressure. 

N^ote. Gtages Op The Diaphragm Ttpe Are JNTot So Well Adapted 
To High Pressures As To Bow Pressures. — Single-diaphragm gages 
similar to that of Fig. 624 are seldom, if ever, now manufactured, largely 
because the movement distance provided by a single diaphragm is 
insufficient for effective operation. For extreme sensitiveness in measur- 
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ing low pressures, the usual practice is to arrange several thin-metal 
diaphragms (bellows), Fig. 625, in series. These bellows are similar to 
that shown in the radiator trap, Fig. 521. Pressures which are either 
above or below atmospheric may be measured with instruments of this 
type. Both indicating and recording diaphragm pressure gages are 
on the market. 

691. The calibration of gages may be effected by compari- 
son with a so-called test gage. Test-gages generally have finer 
graduations than ordinary gages and are also more carefully 




Fio. 627. 


Pi<5. 626. — Apparatus for calibrating a vacuum gage. (Non-collapsible tubing 

must be employed for all connections. Sy connecting P to a pressure pump, the appara- 
tus may also be used for calibrating low-reading pressure gages.) 

Fia. 627- — Gage-hand jack. 


made and adjusted. The comparison between the test gage 
and the service gage can be made by connecting both to the 
same piping system, in which the pressure can be varied. Test- 
gages should be calibrated from time to time with some stand- 
ard source. A vacuum gage may be calibrated by the method 
shown in Fig. 626. 

TsTotb. — ^To ADJUST Aisr ERROR usT A GAGE OF THE DIAL TTPE, the indicat- 
ing hand should, if the error is constant throughout the scale, be removed 
with a gage-hand jack (Fig. 627) — a tool which will be supplied for this 
purpose by any gage manufacturer. Then the hand may be accurateU^ 
reset. A Bourdon-tube gage may be accurate on its scale at, say, 50 lb. 
per sq. in. and inaccurate on its scale at 150 lb. per sq. in. When this 
condition exists, the adjustment is made by loosening the screws, E and F 
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(Fig. 622), and changing the distance H. If H is decreased, the move- 
ment of the indicating hand is increased. Therefore, if the gage reads 
low on its scale at 150 lb. per sq. in., H should be decreased, and vice versa. 


692. A dead-weight gage tester (Fig. 628) provides an 
absolute standard for gage calibration. Boiler inspectors 

usually employ such an instru- 
ment as a primary standard for 
gage testing. 


y/eisrhts 



Three-^if Va/vey 
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628. — Section of a dead-weight 
gage tester. 


!EXPLA3^TATIO]S^. DEAn-WEIGHT 

GAGE TESTEB (Fig. 628) has a platform, 
T, secured to a piston, P. The piston 
is accurately fitted into a cylinder C, 
which, when new, has a cross-sectional 
area of 0.2 sq. in. This cylinder com- 
municates at its lower end with a reser- 
voir, P, which is fitted with a piston, 
8, and which is moved in or out by a screw that is operated by a hand- 
wheel, H. A pipe, Q, which connects to the lower part of R, is provided 
with unions and fittings for attaching the gage, O, that is to be tested. 

To operate the device, the three-way valve is closed and 8 is screwed 
down to the bottom of R. Then P is removed and C filled with clean 
oil. By screwing 8 upward, the oil is drawn into R. No air should be 
permitted to entrap in R. Attach the gage, G, which is to be tested. 
Open the three-way valve. Add weights, W, to produce the desired 
pressure in <7. (Since the area of P is 0.2 sq. in., each 1 lb. added to the 
platform will produce a pressure of: 1 -r- 0.2 = 5 lb, per sq. in. on the 
oil, which is transmitted thereby to the gage. The weight of the platform 
and plunger — usually 1 lb. — must always be included in the weight which 
produces the pressure.) As the weights, W, are placed on the platform, 
8 must, to keep T fioating, be screwed down. When observations are 
being taken, the platform should, to reduce the effect of piston-and- 
cylinder friction to a minimum, be given a slight rotary motion with the 
hand- When G has been tested, screw H outwardly to the limit. Close 
the three-way valve. Remove G. The tester is now ready for the next 
test. 


693. Concerning the accuracy of gages, definite values 
cannot be given. Primarily, the accuracy of a gage depends 
upon the precision of calibration, which, in turn, will be 
governed by the scale graduations. It is obvious that a draft 
gage can be calibrated and read more nearly accurately than 
can a high-pressure hydraulic gage. A gage of the dial type 
should be accurate to within an amount equal to about 1.5 
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times the width of that portion of the indicating hand which 
lies above the gage scale, measured to the scale of the gage. 

Example. — I f the width of a pressure-gage hand end covers 2 lb. per 
sq. in. on the scale, then the gage should be accurate to within: 1.5 X 
2 = S lb. per sq. in. 

694. ^‘Combination’^ graduations for pressure gages are 

often useful. Thus, a gage may be scaled both in feet of water 



Fig. 629. — Elementary indicator for obtaining a pressure-position diagram for 
crank end of engine cylinder. (To take diagram for head-end, indicator is connected 
to X, then I> is shifted the proper distance to the left along A. and there resecured.) 

column and in. pounds per square inch. When so scaled, the 
gage may be used to read simultaneously the height of water in 
a stand-pipe and the pressure in pounds per square inch which 
is produced by the water column. Similarly, a steam-pressure 
gage may be graduated to read both the pressure of the steam 
in pounds per square inch and the temperature of the saturated 
steam (see Sec. 394). This arrangement is similar in function 
to that of the temperature-pressure thermometer of Fig. 600. 

696. An engine indicator (Figs. 629 and 630) may be con- 
sidered as a recording pressure gage which draws a graphic 




676, 


PRACTICAL HEAT 


[Div. 19 


record of the pressures which exist within an engine cylinder 
during one cycle (Sec. 402 defining cycle). The pressure varia- 
tion throughout a stroke, as recorded by a pencil line {Q, Fig. 
629) on a piece of paper by an indicator, is called an indicator 
diagram. For further discussion of indicators and indicator 
diagrams and their applications, see the author's Steam- 
engine Principles Anu Practice. 



Fia. 630. — Semi-sectional view of Crosby outside-spring steam-engine indicator. 

Explanation. — As the engine crosshead {H, Fig. 629) moves, it carries 
with it the arm. A, which supports board, D. On D is tacked a card, M. 
Simultaneously, as the pressure within cylinder, E, varies, the indicator 
piston, P, moves up or down. The pencil (fixed to P) records the move- 
ment on M. The spring, S, which restrains the pressure against P, is so 
made that a certain pressure against P will cause a desired length of 
vertical movement. It follows that the indicator diagram, Q, traced 
in Fig. 629 by the pencil on the card, will be a graphic record of the 
variation in pressure, in that portion of the cylinder which is on the right 
of the engine piston, at the different instants during its stroke. 

The vertical distance, F, of any point, C, on Q, from a line, P, (which 
represents the atmospheric pressure and which is drawn when only 
the pressure of the atmosphere is on both sides of P) is proportional to 
the pressure above or below atmospheric, in the crank end of E at that 
point in the stroke. 
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696. An actual steam-engine indicator (Fig. 630) embodies 
refinements not incorporated in that of Fig. 629. The general 
principle is, however, the same for both. Where feasible, the 
same reference letters have been used on both illustrations. 



Fig. 631. — Indicator arranged for taking diagrams on a double-acting steam engine. (A 
three-way valve, inserted at C, provides greater accuracy than do valves Vi and Fis.) 

Explakatiok. — The cord, T (Fig. 630), is indirectly attached to the 
engine crosshead- The blank-indicator card is held around Z> by the 
clamps, Z. A reducing motion, which may be of any one of several designs 
(see R, Fig. 631 for an example) is interposed between the crosshead and 
the indicator so that the circular travel of the drum, D (Fig. 630), will 
not be excessive and will be proportional to the travel of the engine 



EnoJ IT-CroinK En<H H- ComloiTKZ-oi 

Fig. 632. — Indicator diagrams. 


piston. The link mechanism, L, must be so designed that B will travel 
only in a straight vertical line. Different accurately calibrated springs, 
S, are used for different maximum steam pressures under which engines 
may have to be tested. 

Note. — In' taking steam engine indicator diagr.-vms (Fig. 631) a 
diagram is first taken for one “end” (Fig. 632-/) of the cylinder. Then 
by closing Yi and opening F 2 , a diagram is taken for the other end as 
shown at II. Usually in practice both diagrams are taken on the same 
card as shown at III. 
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697. A hygrometer is an instrument which is employed for 
determining the moisture content — humidity (Sec. 333) — of 
air. Most hygrometers depend for their operation on the wet- 
and-dry-bulb-thermometer principle (Sec. 334) . The sling 
psychrometer (Fig. 322) is probably the most accurate of the 

various humidity-determining in- 
struments. To insure dependable 
results, the velocity of the air which 
surrounds the bulbs of any wet- 
and-dry bulb hygrometer should 
equal or exceed about 800 ft. per 
min. A stationary hygrometer is 


Fig. 633, — Stationary hygrometer. Fig. 634. — ’Wet- and dry-bulb re- 

cording thermometers, provided with 
fan-driven motor. (^Taylor Instru- 
ment Co,') 

shown in Fig. 633; the objection to this instrument is that, due 
to irregular air circulation over the bulbs, erroneous readings 
are likely to result. 

Notes. — I tEiiATivE-HUMiDiTY Determinations Made With A Sta- 
tionary Wet-bulb Hygrometer In Still. Air Will Usually Be 
Erroneous. — The following is adopted from a statement by the Taylor 
Instrument Co,, Rochester, N. Y. : ^Tf the relative humidity to be 
measured is in the neighborhood of 20 per cent, or less, and the air tem- 
perature is between 40 and 45° F., then there will be, for the same tem- 
perature condition, a difference in the relative-humidity reading oi 





Sec. 698] 


INSTRUMENTS 


679 


approximately 30 per cent, between air absolutely still and air in motion 
at 800 ft. per min. If the humidity is between 75 and 80 per cent, and 
the temperature between 85 and 100® F-, then there will be practically 
no difference between the humidity reading obtained in still air and in 
air in motion at 800 ft. per min. If the air is in motion, subject to the 
ordinary drafts that may be present in rooms, then the error under such 
conditions as compared with the readings with an air velocity of 800 ft. 
per min. will be somewhere between the limits given above.'^ To obtain 
accurate results with the relative-humidity tables (Table 335) as pub- 
lished by the U. S. Weather Bureau, an air velocity of about 800 or 900 ft. 
per min. should (so the Weather Bureau advises) prevail. ISTo appreci- 
able difference in the relative-humidity value will result, however, if the 
air velocity is as low as 600 ft. per min. 




'^'Afr-Duct m/f 




Bu/Il' 


fk 


iri 

Flexible y‘ 

Connectings* 

Tubinff 



Install^ in 
Air Duct 


Recording 
^ Thermometer 
Case 

Water Reservoirs Must Be On 
Same Level 7b insure Water 
Feeding Properfg From C to D 



Fig. 635. Fig. 636. 

Fig. 635. — Typical installation of remote-reading recording thermometers for deter- 
mining humidity in an air duct. (Taylor Instrument Co.) 

Fig. 636. — A hygrodeik. 


698. A recording hygrometer or recording wet -and -dry- 
bulb thermometer, the operation of which is similar to that 
of the recording thermometer (Sec. 668) is shown in Fig. 634. 
This instrument is equipped with a moter-driven fan which, 
when in operation, produces a continuous and constant air cir- 
culation over the bulbs. Where the wet and dry bulbs can 
be mounted in a duct (Fig. 635) in which the velocity of the air 
exceeds about 800 ft. per min., then the blower is unnecessary. 

Note. — A type of hygeometer caelbd a hygrodeik is shown in 
Fig. 636. It is practically self-reading, inasmuch as the humidity table 
is mounted on the instrument in the form of a chart. To read the instru- 
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ment, the index hand, /, is swung to the left-hand scale, Z/, and the sliding 
pointer, P, set to the degree line upon this scale which corresponds to the 
wet-bulb temperature as indicated by the wet-bulb thermometer on L. 
Then I is swung to the right until P intersects the curved line which 
extends downward to the left from the degree point on R corresponding to 
the indicated dry-bulb temperature. The index hand will then be point- 
ing to the relative humidity, P, at the bottom of the chart. The dew 
point and also the absolute humidity may be determined directly from 
the chart. This instrument is subject to the same inaccuracies as is the 
stationary hygrometer of Fig- 633. 

699. Table Showing Approximate Costs Of Various Instru- 
ments- — (These data, which were compiled from manu- 
facturers^ catalogs, are not intended to present definite prices, 
but merely to give the reader an idea of the relative costs.) 


Instrument 

Type 

Price range, 
in dollars 


Hulb and stem mounted on wood or 




metal 

0.25 to 4 


Same as above, with bulb located in 



Thermometers 

separable socket threaded for pipe 
tap 

3 

to 45 


Engraved 

2 

to 37 


Remote-reading 

75 

to 150 


Thermo-electric ^dica^ing. 

Recording. 

60 

175 

to 175 
to 600 

Ptrometers 

Radiation, indicating. . 

175 

to 470 


Resistance, indicating. 

100 

to 200 


Seger cones 

0 

.05 


Draft gages Diaphragm.... 

14 

to 35 


60 

to 80 

Pressure Gages 

BoTxrdon tube Hydraulic. 

Steam .... 

22 

4 

to 70 
to 35 

Ineicators 

Steam engine. 

100 

to 275 


Sling psychrometer 

. 4 

to 10 

Hx GROMETE as 

Stationary W-. and T>~. bulb. 

6 

to 40 


Eistance, recording 

150 

to 250 
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700. Table showing ranges and accuracy of different tem- 
perature-measuring instruments, thermometers, pyrometers, 
Segar cones and the like. From Moyer, J. A. Power Plant 
Testing. 


Devices 


Type Class 


Ordinary type. 

J ena glass, capillary tube 
filled with, nitrogen-* 
Quartz glass, capillary tube 
filled with nitrogen. 

Alcohol or petrol ether. 

Electrical resistance, ** bridge*' 
and galvanometer. 

Thermo electric 

Metallic (mechanical) 

Vapor (usually recording) 


Range, degrees Probable accuracy, 

Pahrenheit degrees Fahrenheit 


— 3S to •+• 575 From 1® in common in- 

struments up to O-Ol**. 

— 38 to +1,000 Higher ranges aceurate- 

to 1®. 

— 37 to +1,500 Higher ranges accmrate 

to 1®. 

— 325 to + 100 Accurate to 1®. 

— 400 to +2,200 Accurate to 0.01® for 

range 0® to 500®. 

— 400 to +3,000 Reliable to nearest 5®. 

+ 300 to +1 , 000 Uncertain. 

+ 95 to +1 , 350 Reliable to nearest 2® 

to 10®. 


O 

g 

f3 


Thermo-couple in focus of 
mirror (P4ry)- 
Bolometer 


300 to +4 , 000 Reliable to about near- 
est 20®. 

400 to sun Reliable to about near- 

est 20®. 


Optical +1,000 to sun Reliable to about near- 

est 20®. 

Seger pyrometer cones. +1,100 to +3,600 Reliable to about near- 

est 20®. 


Note. — * Mercury boils at a temperature of 675° F. In the common 
mercurial thermometer there is a vacuum in the capillary tube above the 
mercury and the pressure at any point in the temperature range is that 
of the mercury vapor alone. Consequently such thermometers cannot 
be used where the temperatures exceed 675° and they are unreliable 
when that temperature is approached. To obviate this difficulty, the 
capillary tubes are sometimes filled with nitrogen, or some other inert 
gas that will not attack the mercury, under high pressure. As the mer- 
cury expands against the gas, the pressure upon the mercury is increased 
and the boiling point is raised. 

QUESTIONS ON DIVISION 19 

1. Name some heat effects which caii be measured. 

2. What is a thermometer? How may thermometers be classified? 
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3. What two liquids ai'e frequently employed in thermometers as the expansion 
medium ? 

4. What kind of a thermometer should be used for accurate temperature determina- 
tions? 

5. Explain, by sketch, the operation of a bi-metallic thermometer. 

6. W^hat is a remote-reading thermometer? Why is its use sometimes necessary? 

7. What is a recording thermometer? 

8. Explain the operation of a mercury recording thermometer. 

9. How are thermometers usually calibrated? 

3.0, What precautions should be observed in the use of thermometers? 

11. What is a pyrometer? Why must a pyrometer be used to measure high tempera- 
tures? 

12. Name five principal types of pyrometers. 

13. Explain the operation of a thermo-electric pyrometer. 

14- Why should the cold-junction temperature of such an instrument be maintained 
nearly constant? What methods are frequently employed to obtain a nearly constant 
, cold-junction temperature? 

15. How may thermo-electric pyrometers be calibrated? Upon what factors does 
the accuracy depend? 

16. To what service is a Fdry radiation pyrometer particularly applicable? 

17. Explain the operation of a resistance pyrometer. 

IS. What are the disadvantages of an optical pyrometer? 

19. What is a pressure gage? 

20- Name four principles of pressure-gage operation. 

21. Why are draft gages frequently made with one short leg and one long inclined leg? 
Why is oil often used in draft gages instead of water? 

22. Explain, with sketches, the principle of the Bourdon tube. 

23. To what applications are Bourdon-type gages suitable? 

24. Why must a siphon be used in connection with Bourdon-tube steam gages? 

25. What are the services to which a diaphragm pressure gage may be adapted? 

26. Explain two methods of calibrating gages. 

27. Name the units in which gages may be graduated. 

28. What is an engine indicator? Explain its operation. 

29. What is a hygrometer? 

30. Name and explain two types of hygrometers. 



APPENDIX 

SOLUTIONS TO PROBLEMS 
SOLUTIONS TO PROBLEMS ON DIVISION 1 
FORCE, PRESSURE, WORK, ENERGY, POWER 

1. Since 1 ton = 2,000 lb., the force required = 1 X 2,000 — 2,000 

lb. 

2. Yes. A force of 5 lb. between the wrench and the floor. 

3. By For. (1), P = ^ = = 400 lb. per sq. ft. 

4. By For. (4), Pa = Po + 14.7 = 128 + 14.7 = 142.7 lb. per 

sq. in. 

6. By For. (5), P = 0.4912 X 28.5 = 13.999 lb. per sq. in. 

6 . The height of water column = 30 X 12 — 360 in. By For. (7) 
Pm = 0.073,55 Pi = 0.073,55 X 360 = 26.48 in. 

7. 12 Ih. A force cannot act and the system remain in equilibrium 
without being opposed by another force which has the same magnitude. 

8. By solution of example subjoined to Sec. 3, the drawbar pull = 

(100,000 X 5) _ ^ „ 


9. By For. (13), TF = PL = 50 X 15 = 750ft4b. 

10. By For. (13), TF == PL = 35,000 X 17,500 in.4b. 

11. By For. (15), P - — spof - xT “ ® 

12. The piston travel = (15 -?• 12) X 90 = 112.5 .ft. per min. By For. 

n p _ (3,50 0 X 112.5) 

(15), P 33 ooOf ” 


33,000 X 1 


11.9 hp. 


13- The weight of the water delivered = 1,500 X 8.3 = 12,450 lb. pet 

FL 

min. By For. (13), fpot-pounds = W — FL. p = = 12,450 X 


350 = 4,357,500 ft.-lh. done in one minute. By For. (15), P = 
PL (4,357,500) ^ 

33,000f 337000 XI ^ * 

14. The time = 3 X 60 = 180 min. By transposition of For. (15) 

^ ^ 33,OOOiP 33,000 X 180 X 6 ^ 

the weight of water pumped = b — — 

475,200 lb. or 475,200 -r- 8.3 = 5,725.3 gal. 

SOLUTIONS TO PROBLEMS ON DIVISION 2 

MATTER, HEAT, TEMPERATURE 

1. By For. (19), T? = %Tc + 32 = [H X 357] + 32 = 674.6° F. 

683 
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2. By For. (: Tp = HTc + 32 = X (-75.5)] 4- 32 

- 103.9° F. 

3. By For. (18), To = ?^(7V - 32) = % X (2,750 - 32) =1,510° C, 

4. By For. (18), To ^ H (T’i'' - 32) = ^ X ( —396.4 - 32) = 

-238° C. 

6. By For. (20), Tj!' = Fr + 460 = 212 + 460 = 672° F. aba. Tp = 

Tp + 460 = 460 + 460 = 920° F. abs. Tp ^ Tp + 460 =» — 32 + 

460 = 428° F. abs. 

6. By For. (21), Tc = ^Tc + 273 = 100 + 273 = 373° C. abs. 

Tc = Fc + 273 = 0 + 273 = 273° C. abs. To = To + 273 = -175 + 

273 = 98° C. abs. Tc = Fc + 273 = 20 + 273 = 293° C. abs. 

SOLUTION’S TO PROBLEMS ON DIVISION 4 

HEAT— ITS MEASUREMENT AND TRANSFORMATIONS 

1. By For. (22), Q = — Ti) = 35(212 - 55) = 6,495 

2. By For. (22), Q = ■W(T 2 - Ti) = 265 = 8(rs - 60). Solving 

for T*: Ti = (265 -5- 8) + 60 = 93.13° F. 

3. Heat applied to water — 0.50 X 50,000 = 25,000 B.t.u. By For. 
(22), Q = W(r 2 - Ti) = 26,000 = WX(210 - 65). Solving for -W: 
•W = 25,000 -i- (212 — 65) = 172.4 lb. 

4. Large calories given off = leilograms X deg. cent. = 15 X 35 = 
525 large calories. By For. (26), 525 large calories = 525 X 3.968 = 
2,084 B.t.u. 

5. At 14,000 B.t.u. per lb., 17 lb. of coal represent 17 X 14,000 = 

238,000 B.t.u. The energy delivered as available work =0.12 X 
238,000 = 28,560 B.t.u. per hour. By For. (30), the horsepower = 
28,560 2,545 = 11.22 hp. 

6. By For. (31), C <? = = 0.108. 

7. By For. (32), Q = CW {Ti - Ti) = 0.115 X 75X (1,500 - 80) = 
12,245 B.t.u. 

8. By For. (32), Q = CW{Ti — Ti) = 0.119 X 125 X (180 - 40) = 
2,082 B.t.u. By For. (27), 2,082 B.t.u. is equivalent to 2,082 X 778 = 
1,620,000 /i.46. 

9. By For. (32), Q = CW{Ti — T,) = 0.24 X 30 X (565 — 65) = 
3,600 B.t.u. 

10. By For. (38), T 

(6 X 0.119 X 2,300) + (5 X 8.3 X 1 X 5 0) _ 

(6X 0.119) + (5 X 8.3 X 1) ' 

11. By For. (38), T ^ 

W . ...... 

_( 16 X 1 X 40) + (10 X 1 X 110) 

(16 X 1) + (10 X 1) 

~ To) _ 1 X 8 X (60 — 35) 

12 X (212 - 60) 

= 0.109,6 = specific heat. 


12. By For. (33), Cb 
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18. By For. (44): Wv = 77SQv = 778 X 6,496 = 4,275, 110 /«.-Z6. 

14. By For. (45): Wa = 778Qo = 778 X 10.5 = 8,170 /«.4b. 

16. By For. (48): = P X (Fj — Ft) = (100 X 144) X (4.429 — 

0.0177) = 63,650 /f.46. 

16. By For. (46) and Frob. 15: Qb = lFjs/778 = 63,560 778 = 

SX.7 B.t.u. Also, by For. (66): Qi = Qx> + Qe = 806.6 + 81.7 = 
888.3 B.t.u. 

17. By For. (22): Qp- = ■W(r 2 — Ti) = 1 X (327.8 — 32) = 2Q5.B B.t.u. 

18. By For. (57): Q/ = Qr + = 295.8 + 806.6 = 1,102.4 B.t.u. 

19. By For. (58); Q = Qr + = 1,102.4 + 81.7 = 1,184.1 B.t.u. 


SOLUTIONS TO PROBLEMS ON DIVISION 6 


TRANSFER OF HEAT 
6 5 

1. Hate of heat conduction = 41 X = 53.3 B.t.u. per min. 

o 

2. Thermal pressure == 500 — 100 — 400® F. 

3. By For. (62), the thermal conductance = B == 


700 

5 X (300 70) 


tiT^ Ti) 

0.609 mohts. 


4. By For. (63), the thermal pressure = (2^2 — Ti) — = 

t Jd 


8,720 


- 679.3®. 


(1.167 X 11) 

6. By Table 125, the value of Ks per square-foot-inch for steel = 

KsA _ (320 X 30) _ 
L 0.5 


320. By For. (66), the thermal conductance = B 


19,200 mohts. 

6. The circumference of a G-in. pipe = 3.14 X 0.5 = 1.57 ft. The 
area of the covering = (20 X 1.57) == 31.4 sq.ft. By Table 125, the value 
of Ks, per square-foot-inch, for mineral wool = 0.42. By For. (71), 

0.42 X 31.4 X (300 - 90) X 10 

: = 6,923 B.«. -14. 

4 ' 

• - Ti)t - 310) X 5 

R ' "0.600,267,2 

= 22,267,964 B.t.u. 

8. By Table 125, the value of Ks, per square-foot-inch, for brick- 
work = 3.40. By For. (66), the thermal conductance through each 

square foot of the well-area = 

1 


Q - 

7. By For. (78), the heat-flow ~ Q 


- 0.378 7nokL By Sec. 


129, the thermal resistance ~ 


2.65 thorns per sq. ft. 


0.378 

9. The area of the wall — 6 X 15 == 90 sq. ft. 
value of Ks^ per square-foot-inch, for brickwork - 


By Table 125, the 
3.4. By For. (66), 
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tlie thermal conductance through the wall = =5=: — == 20.4 


mohts. By Sec. 129, the thermal resistance = 


20.4 


15 

s 0.049 thorns. 


By For. (79), the heat-power loss — 


- ri 


2,000 ~ 190 


36,938 


R 0.049 

B.t.u. per hr, 

10. By Table 149, h, for wrought-iron bodies = 0.154. By For. (83) 
the heat radiated under the initial Jire-temperature ~ Qr = "" 


per hr. per sq. ft. of hot fuel bed area. By For. (83), the heat radiated 
under the increased fire-temperature = Qr ~ k 
r. i r/"2,600 + 460\4 /700 + 460\n 

0.154 J — ^ Jog J J = 132,250 B.t.u. per hr. per 

sq. ft. of hot fuel bed area. Increase of radiated heat — 132,250 — 100,250 
~ 32,000 B.t.u. per hr. per sq. ft. of hot fuel bed area. 

SOLUTIONS TO PROBLEMS OF DIVISION 7 
EXPANSION AND CONTRACTION OF SOLIDS AND LIQUIDS 

1. By For. (97): La = Li + LiCl^T^ — Tf) =- 26.1 -f- [26.1 X 
0.000,010,7(212 - 40)1 = 26.148 in. Pointer will move: (10 -i- 1) X 
0.048 = 0.48 in. 

2. Substituting in For. (94): I — blLxT — 0.000,005 X 26.1 X 172 == 
0.022 in. 

3. Difference in temperature = 110 — ( — 30) == 110 + 30 = 140® F 

By For. (94): Z = eiJL^T = 0.000,006,3 X (98 X 12) X 140 1.04 in. 

4 . Substituting in For. (94): I = eJLiT — 0.000,006,3 X (50 X 
12) X 1 = 0.003,78 in. To bend or shift the piers. 

6. Substituting in For. (94): X = Z = ecLiT = 0.000,006,3 X 300 X 
(300 - 50) = 0.473 ft. or about 5.7 in. 

6. Substituting in For. (94): expansion I = olLiT == 0.000,008 X 
(100 X 12) X 100 == 0.96 in. Width of expansion joint == 5Z = 5 X 
0.96 — 4.8 in. By For. {9^) \ I ncrease in area == A ~ esAiT = 2eLAiT 
- 2 X 0.000,008 X (30 X 100) X 100 = 4.8 sq. ft. 

7. Transposing For. (102) and substituting: stress = L X strain = 
28,000,000 X (0.0001 -f- 12) = 233.3 lb. per sq. in. 

8. By For. (102): E = = (1,500 -f- 0.3) -i- (0.002 10) = 

5,000 -i- 0.000,2 = 25,000,000 lb. per sq. in. 

9. Transposing For. (102) and substituting: strain = stress ~ E = 

(200,000 12) 30,000,000 = 0.000,55 in. per inch^ on a total for 16 

in. ^ 16 X 0.000,55 = 0.008,8 in. 
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10 . By For. (94): I = eiJL^T = 0.000,006,3 X (375 X 12) X 360 = 
9.92 in. By For. (107): F = Eez.TA = 30,000,000 X 0.000,006,3 X 
360 X 2.5 = 166,375 lb. 

11 . By For. (94): I = etDiT = 0.000,006,3 X (20 X 12) X (600 — 

50) = 0.83 in. By For. (106): Stress = EslT = 30,000,000 X 

0.000,006,3 X 400 = 76,600 lb. per sq. in. 

12 . By For. (101), the final volume, Fa = Fi(l -f- evT') — 500 11 + 
[0.000,1 X (210 — 50)] } = 500 (1 + 0.016,0) = 500 X 1-016 = SOS gal. 
or an increase of 608 — 600 = 8 gal. 


SOLUTIONS TO PROBLEMS ON DIVISION 8 
HEAT PHENOMENA OF GASES 


1. By For. (109), Pa 


^ 14.7 X 12.39 

V 2 2 

abs. or, 76.37 lb. per sq. in. in gage. 

14.7 X 3 


2. By For. (110), Fa = 


91.07 lb. per sq. in. 


■ 0.385 cu. ft. 


(100 + 14.7) 

3. By For. (115), Pt = PsaEl + 0.002,033(2’ - 32)] ^ 60[1 + 
0.002,033(100 — 32) = 60(1 + 0.138,244) = 68.3 lb. per sq. in. abs. 

4. By For. (117), Vt = FaaU + 0.002,033(2’ - 32)] = 12.39[1 + 
0.002,033(70 — 32) = 12.39(1 + 0.077,254) = 13.35 cm. ft. 

iTa _ 14.7 X (460 + 300) 


6. By For. (121), Pa = - 
sq. in. abs. 

6. By For. (122), Ta = ^ 


Ti (460 + 32) 

TiPa (70 4- 460) X (100 + 14.7) 


22.7 lb. per 


(60 4- 14.7) 

P. abs., or (936.6 — 460) = 476.6° F. 

3 X (1,800 + 460) 
(40 + 460) 


939.6° 


7. By For. (131), Fa = 


8. By For. (132), Ta = 
or (696.6 — 460) = 135.6° F. 

9. By Table 244, Fa' = 


= 13.56 CM. ft. 

= 595.6° F. abs., 


10 X 
2.5 


= 4 ou. ft. Then, Fa 


Fa'T 

Ti 


4 X (80 4- 460 ) ^ 

(60 -h 460) 

10. By Table 244, Pa' = — 


— 1.25 atmospheres. Then, 


Pa'Ta 1-25 X (100 + 460) 

Ti (50 + 460) 

T1P2 


11. By Table 244, T 2 ' - 


1.373 atinospheres. 
(50 4- 460) X 30 


Pi 


ahs. Then, Ta -= - 
460) = 60.4° F, 




10 


14.7 

= 520.4° F. ahs. or (520.4 — 
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1 X 10 X (80 + 460) 
2.5 X (50 -h 460) 


4.235 cu.ft. 


= 21.67 


12. By For. (135), F* = 

13. By For. (134), Pa = - 
lb. per sg. in abs. 

14. By For. (136), T* = - - ^ ^ 

abs. or (758 — 460) = 298° P. 

16. From Table 251, for acetylene, fco = 59.34. Hence, by For. (148), 
PV (200 + 14.7) X 144 X 15 
the temperature = T = = 9 X 59.34 


14.7 X 7 X (200 + 460) 
6 X (60 4- 460) 

30 X 5 X (60 + 460) 


= 758° F. 


= 868° P. abs. 


volume = F = 


46.9 


Wfco 

or, (868 — 460) = 408° F. 

16. From Table 251, for air, ho = 53.34. Hence, by For. (147), the 
•WfejT _ 50 X 53.34 X (210 4- 460) 

144 X (250 4- 14.7) 

„ ^ , PF 144 X (175 + 14.7) X 5 

17. By For. (150), ha - g ^ 4- 460) 

18. By For. (149), tlie weight originally in the tank = Wi = 

he final 

Therefore, the weight forced in 

Wi = 10.84 «- 0.75 == 10.09 Z6. 

19. By For. (156), ^ = 

20. By For. (158), W = FX» = 88 X 0.08 = 7.04 lb. 

r. _ _ 144 X (100 4- 14.7) 

21. By For. (165), Dp 54.99 X (460 4- 80) 

= 0.556 lb. per cu. ft. 

0.556 X 14.7 


22. ByFor. (1594),2)s = 

23. By For. (164), Ha = 


Pi (100 H- 14.7) 

HiTiPa 


0.071,3 lb. per cu. ft. 


T P 

0.556 X (460 4- 80) X (1,800 + 1 4.7) , 

(460 4- 200) X (100 4- 14.7) ^ 

24. The average pressures are as follows* along a6, 60 lb. per sq. ft.; 
along be, 65; along cd, 60; along de^ 55; and along e/, 50. Hence, since 
worh ~ {average presBure') X (change in volume), the work = (60 X 2) -1- 
(65 X 1) + (60 X 3) -h (55 X 1) + (50 X 1) = 470 ft-lb. 

PV ^ (150 + 14^7) X 144 X 40 
fcoT ■ ” 53.34 ”X “(460 + 7“0)~ ' 

P T 

= 33.6 lb. Also, by For. (122), the initial temperature = Ti = - L - = 

jT 2 

(14.7 4- 200) X (460 4- 70) 

- 150) 

Hence, by For. (175), the Aeai added = "WCviT^ — TC = 33.6 X 0.171 X 


26. By For. (149) , the weight = W 
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(70 — 231) — — 925 or 925 S.t,u, have heen extracted. Also, by 

For. (177), the vibration work = Wv = TTSWCvCTz — TO =- 778 X 

33.6 X 0.171 X (70 - 231) = -719,500/^.45. 

26. From Table 251, for air, Cr = 0.241 and Cv == 0.171. Hence, oy 
For. (178), heat added == Q = WCjp(T 2 — TO = 6 X 0.241 X TISO — 
60) = 130.1 B.t.u. By For. (ISO), external work = TFs — 778W(Ci> — 
Cf)(T2 ~ Tx) = 778 X 6 X (0.241 — 0.171) X (150 - 60) = 29,400 /«.- 
lb. By For. (182), the vibration work - 778WCf(T2 - Tx) = 778 X 
6 X 0.171 X (150 - 60) - 71,850/^.45. 


27. By For. (0^2), %1dlq final temperature == T 2 — 

= 531^^ F. abs. or (531 - 460) - 71^ F. By For. (149), the weight 

PV (100 4- 14,7) X 144 X 100 ^ 

— — 52.65 lb. Hence, 


W 


koT 53.34 X (460 4- 130) 

the heat added = Q = WCr{T 2 — TO = 52.55 X 0.241 X (130 — 71) 
r= __747 B.t.u. Hence, heat abstracted = 747 B.t.u. By For. (179), 
external work — We = — Fi) = 144 X (100 4" 14.7) (90 — 100) = 

- 165,200 ft.-lh. By For. (182), vibration work = Wv = 778WCf (T 2 — TO 
- 778 X 52.55 X 0.171 X (71 — 130) - -412,500 ft. Ob. 

Pi 
P2 


28. By For. (192), the work done — We 


loge 


== 144 X 


14.7 X 3 X los«ioo^+ 147 “ ^ log.0.12S,l. Now. log 0.128,1 

9.107.7 — 10 0.892,3. Therefore, log. = 2.303 X (-0.892,3) = 

—2.054. Hence, We = 6,350 X (—2.054) = - 13,040 /<.-Z6. By For. 

07 n f 

(194), the heat added = Q = ~ff8 ~ B.t.u. or, the heat 

abstracted — 16.77 . The heat comes from the external work done 


29. For. (193) may be written: We = W/cgT loge Hence, the 

175 4- 14 7 

external work — We — 1 X 53.34 X (460 4 - 100) log* 4 ^ 14 7 ” 

29,880 X loge 6.39. Now, log 6.39 = 0.805,5. Hence, log^ 6.39 == 
2.303 X 0.805,5 = 1.854. Therefore, We = 29,880 X 1.854 = 55,400 
ft.-lb. 

30. By For. (202), external work = We = 778WCv(Tx — Ts) 
778 X 20 X 0.171 X (80 - 150) = -186,200 ft.-lb. Hence, 186,200 
ft.-lb. of external work was done on the gas. 

, , -rr WkoTx 

31. By For. (147), the initial volume — Vx = — — = 

j- ^ ^^02 0.815 cu. ft. By For. (235) the final volume 

300 X 144 

1 

Yz = Vx 1—1^= 0.815 — 0.815 X (20)°*’^^^ Now, log 

20 = 1.301,0. Hence, log (20)o-7^^ 0.714 X 1.301,0 = 0.929. Also, 
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0.929 == log 
8.49 - 6.92 

k — 1 


8.49. 
cu. fL 


Hence (20)°*^^* = 8.49. Therefore, V 2 — 0.815 X 
By For. (236), the final temperature = T 2 = Ti 

' '' 00 / 


1 . 4—1 

1.4 = 860 


X (0.05) Now, log 


0.05 = 8.699 — 10 = —1.301. Hence, log (0.05)‘'-®®®. = 0.286 X(— 1.301) 
= —0.371,8. Also, —0.371,8 = 9.628,2 — 10 = log 0.425. Hence, 
(0.05)“-®®® = 0.425. Therefore, Ta = 660 X 0.425 = 280° F. abs. or 
180° 


32. By For. (201), the external work — We 


PiFi - 

k — 1 


(144 X 3( 


X 15 X 6.92) 


50,600 ft. -lb. By For. 


(204), the vibration work = Wv = 778WCr(7’s — — 778 XIX 

0.171 X (-180 - 200). 50,600 

33. By For. (235), the final volume = Fs = 

= 10 X (0.233,3)®-''“. Now, log 0.233,3 = 9.368 - 10 = —0.632. 
Hence, log (0.233,3)“-''“ = 0.714 X (-0.632) = - 0.456,4 = 9.643,6 - 
10. But, 9.543,6 — 10 = log 0.349,7. Hence, (0.233,3)“-''“ = 0.3497. 
Therefore, Vi = 10 X 0.349,7 = 3.497 cu. ft. By For. (236), Ta = 

~ST = (460 100)(||) = 660 X (4.287)“-“®“. Now, log 

4.287 = 0.632. Hence, log (4.287)®-“““ = 0.286 X 0.632 = 0.180,7. 
But, 0.180,7 = log 1.515,5. Hence, (4.287)o*®®® = 1.515,5. Therefore, 
T 2 560 X 1.515,5 = 849^ F. abs,, or (849 — 460) = 389*^ F, 

ryi 12 1.4 

34. By For. (222), the specific heat = C — — Ov = j ^‘2 ^ 

0.171 — —0.171. By For. (219') , th.e external work == TFjs? — 778^(0 — 
Cv)(T 2 Ti) = 778 X 20 X (—0.171 — 0.171) (150 - 80) = —372,400 
ft.-lb,- By For. (217), the heat added = Q = WC(T 2 — Tx) == 20 X 
(—0.171) X (150 — 80) == —239.4 B.tu., or 239.4 B.t.u. had to be 
abstracted^ 

36. By transposing For. (223), the vibration work — Wv ~ 778 Q — 
TFji = 778 X 8 — 40,000 = -33,776/^.46. 

36. By For. (222), the specific heat = C = Cr == ^‘3 H ' 1 ^ ^ 

0.171 = —0.057. Hence, by For. (217), th.Q heat added = Q = WC( 7"2 — 
Tx) — lx (—0.057) X (200 —80) = — 6.84jB.i.^. Or , th.^ heat abstracted 
= 6.84 B,Lu. 


37. By For. (147), 

1 X 54.99 X (460 + 120) 
144 X (100 -f 14.7) 

IP 

volume := F 2 = ^ 


the initial volume = Vi ^ 5 - 

Jri 


1.93 cu, ft By For. (235), the final 
- 1.93 ^ 1.93 X (7.805) 
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Now, log 7.806 = 0.892,2. Hence, log (7.805)<>-^" = 0.741 X 0.892,2 = 

0.661 =log4.68. Therefore, Fs = 1.93 X 4.58 = 8.84 cm./«. By For. (236), 

( Jiy V 71 *•*" 1 "i A *7^ ^ 

« = (460 + 120) 

= 580 X (0.12S,1)<>-2S9.®. Now, log 0.128,1 = 9.107,8 —10 = — 0.892,2. 
Hence, log (0.128,1)«-2B9,2 = 0.259,2 X (— 0,892,2) = —0.231,3 = 

9.768,7 — 10 = log 0.587. Therefore, Tz = 580 X 0.587 = 323® F. 
abs , or (323 — 460) = — 137°F. 


38. By For. (218), the external work = Wb 


FiFx 


PzVz 


n — 1 


(144 X 114.7 X 1.93) - (144 X 14.7 X 8.84) „„ „„„ „ „ „ 

— 1 35 _ X — ^ — 37,660 ft.-lb. By For. 


(220), the vibration work = Wv = 778'WCt'(r2 — Ti) = 778 XIX 
0.176 X ( — 137 — 120) = — 35,180/4.-15. By For. (223) transposed, the 
heat added = Q = (Wb -|- TFf)/778 = (37,660 — 35,180) ^ 778 = 3.19 

y-% w 


39. From Table 251, for oxygen, k — 1.4. Hence, by For. (238), 

1.4 

the final pressure ^ P^ = p^ = 1^800 ( fed ' + 90^ )^ 

1,800 X (0.327,3)«-“. Now, log 0.327,3 =9.516,0 - 10 = -0.485,0. Hence, 
log (0.327,3)«-' = 3.5 X (—0.485,0) = —1.697 = 8.303 — 10 = log 
0.020,1. Therefore, Pz = 1,800 X 0.020,1 = 36.18 lb. per sq. in. abs. 

By For. (239), fixe final volume = Fa = Fi(— = 2 X ^ 

= 2 X (3.056)2-'. ]srow, log 3.056 = 0.485,2. Hence, log (3.056)2-' = 
2.6 X 0.485,2 = 1.212,5 = log 16.31. Therefore, Fa = 2 X 16.31 = 
32.62 CM. ft. 


SOLUTIONS TO PROBLEMS ON DIVISION 9 


MELTING AND FREEZING OF SUBSTANCES 

1. By Table 90 the specific heat of ice = 0.504 B.t.u. per lb. By 

Table 291 the latent heat of melting of ice = 143.3 B.t.n, per lb. Hence, 
the required heat = { [0.504 X (32 - 22)] + 143.3 } X 300 = 44,502 

B.t.u, 

2 . By Table 90 the specific heat of water ==1.0 B.t.u. per lb. By 
Table 291 the latent heat of melting of ice = 143.3 B.t.u. per lb. Hence^ 
the heat passing to the brine = [1.0 X (65 ~ 32) + 143.3] X 258.3 = 
45,538 B.t.u. 

3. By note subjoined to Sec. 288 the approximate freezing tempera- 
ture = 32 — = 31.899° F. 

4. By Table 285 the melting temperature of tin = 449° F. By Table 
0 the specific heat of solid tin = 0.055 B.t.u. per lb. By Table 291 
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the latent heat of fusion of tin = 25.2 B.t.u. per lb. By Table 90 the 
specific heat of molten tin = 0.058 B.t.u. per lb. Hence the quantity 
of heat absorbed - 2,000 X {[0.055 X (449 - 80)1 + 25.2 + [0.058 X 
(660 — 449)]} =- 115,466 BA.u, 

SOLUTIONS TO PROBLEMS ON DIVISION 10 
VAPORIZATION 

1- By Table 90, the specific heat of water = 1.0 B.t.u. per lb. By 
Table 323 the latent heat of vaporization of water under atmospheric 
pressure = 970.4 B.t.u. per lb. By Table 318 the boiling temperature 
of water under atmospheric pressure = 212° F. Therefore the requisite 
quantity of heat = 1.0 X (212 - 32) -}- 970.4 = 1150,4 B.t.u. 

2. By Table 291, the latent heat of melting of ice — 143.3 B.t.u. per lb. 
By Table 90, the specific heat of water = 1.0 B.t.u. per lb. By Table 323 
the latent heat of vaporization of water under atmospheric pressure = 
970.4 B.t.u. per lb. By Table 318 the boiling temperature of water 
under atmospheric pressure = 212° F. Therefore, the requisite quantity 
of heat = 143.3 4- [1.0 X (212 - 32)] ■+■ 970.4 = 1293.7 B.t.u. 

3. By Table 332 the weight of water vapor per cubic foot of air at 70° 
F., for a relative humidity of 50 per cent., = 3.99 grains. Therefore, 
the weight per cubic foot for a relative humidity of 55 per cent. = 

q QQ 

X 55 = 4.389 grains. 

4. The temperature difference = 70 — 53 = 17° F. By Table 335, the 
relative humidity = 30 per cent. From Table 332, the weight of vapor = 
2.394 grains per cubic foot. 

6. Following downward to the right from the 75° wet-bulb mark 
to the vertical line through the 90° dry-bulb mark, the relative humidity 
is found, at the intersection, to be 50 per cent. The weight of moisture 
in 1 cu. ft. of saturated air at 90° F. is shown by curve F to be 15 grains 
per cu. ft. Hence, for 50-per cent, relative humidity, the weight of water 
vapor — 0.50 X 15 = 7.5 grains per cu. ft. 

6. Following upward from the 90° dry-bulb mark to the 80-per cent, 
relative-humidity line, the wet-bulb temperature is found to be 84.5° F. 
The moisture added = (0.80 — 0.50) X 15 = 4.5 grains per cu. ft. 

7. The intersection of the 75° F. wet-bulb line and the 80-per cent, 
relative-humidity line gives a dry-bulb temperature of 80° F. 

8. From Fig. 328, the states are: (a) Gaseous, (b) Gaseous, (c) 

Liquid, (d) Gaseous. 

9. From Fig. 329, the states are: (a) Gaseous. (6) Gaseous. (c) 

Liquid, (d) Gaseous. 

SOLUTIONS TO PROBLEMS ON DIVISION 11 

STEAM AND OTHER VAPORS 

1. As given in Steam Table 394 for 20 lb. per sq. in. abs., h = 196.1 

B.t.u. per lb. and L = 960.0 B.t.u. per lb. Then by For. (242), the heat 
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content of 1 lb. of wet steam «= Htt ~ h 4- xL = 196.1 + (0.92S X 960) = 
196.1 4- 890.9 = 1,087 B.t.u. 'per Ih. Heat in condensate at 60*^ F. is h. 
at 60° F. wMch. by interpolating the values given in Steam Table 394 is 
found to be 28.08 B.t.u. Heat given up by 1 lb. of steam = Htf — h at 
60° F. The total heat given off during condensation = 1,500 — h at 

60° F.) = 1,500 (1,087.0 — 28.1) =* 1,500 X 1,058.9 - 1,588,350 B.t.u. 

2. As given in Steam Table 394, temperature corresponding to 185 lb. 
per sq. in. gage is 381.9° F. Thus, the steam at 432° F. has 432°- 
381.9° or 50.1° F. superheat. Heat content of steam at 185 lb. per sq. 
in. gage, and 50.1° superheat is found to be, by interpolating the values 
given in Table 395: 


1,223.9.4- 


(1,235.5 - 1,223.9)10.1 
20 


1,229.8 B.t.u. per lb. 


Heat content of 1 lb. of water at 49° F. = 49 — 32 == 17 B.t.u. Then, 
heat added to 1 lb. of water — 1,229.8 — 17.0 = 1,212.8 B.t.u. Toted 
heat added to 1,720 lb. of water ~ 1,720 X 1,212.8 — 2,086,016 B.t.u. 

3. As given in Steam Table 394 for 140 lb, per sq. in. abs., Ii = 324.6 
B.t.u. per lb. and L = 867.6 B.t.u. per lb. and for 2 lb. per sq. in. abs., 
li ~ 94.0 B.t.u. per lb. and L = 1,021.0 B.t.u. per lb. Then, by For. (242), 
heat content of 1 lb. of wet steam entering turbine h 4~ ^dL = 324.6 4- 
(0.98 X 867.6) — 324.6 4- 850.2 = 1,174.8 B.t.u. per lb. Heat content of 

1 lb. exhaust steam — h 4- xL = 94.0 4- (0.81 X 1,021.0) = 94.0 4- 827.0 
~ 921.0 B.t.u. per lb. Heat absorbed from 1 lb. of steam — 1,174.8 
- 921.0 - 253.8 B.t.u. 

4 . By Table 394, the specific volumes of dry saturated steam at 140 and 

2 lb. per sq. in. abs. are 3.219 and 173.5 cu. ft. per lb. respectively. 
Hence, by For. (245), the specific volume of the entering steam = Yw = 
±V j> = 0.98 X 3.219 = 3.154 cu. ft. per lb. Also, the specific volume of 
the exhaust steam — 0.81 X 173.5 ~ 140.5 cu. ft. per lb. 

5 . From Prob. 3, the total heat of the entering steam = Hi = 1,174.8 
B.t.u. per lb. and that of the exhaust steam = H 2 = 921.0 B.t.u. per lb. 
The specific volumes were found in Prob. 4. Hence, by For. (248), the 
internal energy of the entering steam = Ii = Hi — 0.185,2PiP'i = 
1,174.8 — (0.185,2 X 140 X 3.219) = 1,091.3 B.t.u. per lb. And, the 
internal energy of the exhaust steam = I 2 = H 2 — 0.185,2 P 2 F 2 = 921.0 — 
(0.185,2 X 2 X 140.5) = 869.0 B.t.u. per lb. 

6. As given in Steam Table 394, for 140 lb. per sq. in. abs., nz, = 
0.507,2 and = 1.067,5; for 2 lb. per sq. in. abs., nz. = 0.174,9 and 
xxy 1.743,1. By For. (260) eritropy for toet vapor =nB7 = nz, 4~ xnx 
Entropy of steam at beginning of expansion = nz, 4“ xnv = 0.507.2 4“ (0.98 
X 1.067,5) = 0.507,2 4- 1.046,1 = 1.553,3. Entropy of steam at exhaust = 
nz, 4-xnv = 0.174,9 + (O.Sl X 1.743,1) = 0.174,9 4- 1.411,9 - 1.586,8. 
The increase in entropy = 1.586,8 — 1.553,3 == 0.033,5. The heat in 
the exhaust in excess of that which would he contained had the steam expanded 
isentropically = {difference in entropy) X (absolute temperature of exhaust 
steam) = 0.033,5 (460 4- 126) = 0.033,5 X 586 = 19.63 B.t.u. per lb. 
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7 . Locate on heat-entropy chart (Fig. 343) the point at the intersection 
of the 160 lb. per sq. in. abs. pressure line and the 40° F, superheat 
line. Now follow down a constant entropy line, which is a vertical 
line, until the constant pressure line of 0.5 lb. per sq. in. abs. is reached. 
The point thus located lies between the constant quality lines 0.77 and 
0-78 at about the distance between them from the 0.77 line. The 
quality is then 0.772 or 77.2 per cent. 

To find the quality after expansion by means of the tables, the entropy 
values are u'sed since the entropy remains constant during the expansion. 
As given in Table 395, the entropy of steam at 160 lb. per sq. in. abs. and 
40° F. superheat is 1.592,8. Now the entropy at the end of expansion 
must be the same as that at the beginning, or 1.592,8; since it is a constant 
entropy expansion- In working a problem of this type it is generally 
well to draw a temperature-entropy diagram, it need not be to scale but 
ust to picture what occurs, as in Fig. 631. 



PiQ. 631. — Temperature-entropy diagram for problem 7. (Note not to scale.) 

By For. (265) : 


As given in Steam Table 394 for 0.5 lb. per sq. in. abs., til = 0.092,3 
and nv = 1.942,0. 

Then, the quality after expansion = 

X =. (htv - til) ^ (1.592,8 - nn) ^ (1.592,8 - 0.092,3) _ 

IV 1.942,0 “ 

or 77.26 per cent. 

This value checks closely with that of 77.2 per cent, found by using the 
chart. 

8. From the heat-entropy chart (Fig. 343), the total heat of the supply 
steam ~ BCi = 1,257 B.t.u. per lb., and the total heat of the steam after 
expansion = 958 B.t.u. per lb. Also, the quality of the steam after 
expansion = 83.7 per cent. Now, from Table 395, the specific volume 
of the supply steam == 2.68 cu. ft. per lb. and from Table 394 the specific 
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volume of dry saturated steam at 3 lb. per sq. in. abs. = 118.5 cu, ft, "per 
lb. Hence, by For. (245) the specific volume of the steam after expan- 
sion ^ Yw ^ xFu — 0.837 X 118,5 = 98.2 cu. ft, per lb. Therefore, 
by For. (269), the external work = = 778(Hi — Ha) -f* 144(P2F2 — 

PiFi) - 778 X (1,257 - 958) + [144 X (3 X 98.2 - 200 X 2.68)] = 
197,860 ft.-lh. per pound of steam. 

9. Values for the solution of this problem are taken from ammonia 
table 400. By For. (242), the total heat before expansion == Htti = 11 + 
xB == — 44.2 + (0.10 X 535.7) = 9.4 B.t.u. per lb. Also, the total heat 
after expansion — Hpra = “44.2 + (0.95 X 535.7) = 464.7 B.t.u. per 
lb. Therefore, by For. (275), the heat absorbed — Q ~ Ha — Hi — 
464.7 — 9.4 = 455.3 B.t.u. per pound of ammonia. Now, by For. (245), 
the specific volume before expansion = Vwi = xFr> = 0.10 X 11.63 = 
1.163 cu. ft. per lb. Also, tloQ specific volume after expansion = Vtf 2 = 
0.95 X 11.63 = 11.05 cu. ft. per lb. Hence, by For. (277), the external 
work ^ Wb ^ 144P(F2 “ Fi) =- 144 X 23.3 X (11.05 — 1.163) == 
33,173 ft.-lb. per pound of ammonia, 

10. As given in Steam Table 394, for dry saturated steam at 346° F., 
h = 317.1 B.t.u. per lb, and 1/ = 873-4 B.t.u, per lb. Hence, by For. 
(278), the quality = 

1,050 0.46 Ta “ h __ 1,050 + (0.46 X 256) — 317.1 _ 

^ ~ L 873.4 

or, quality = 97.4 per cent. 


SOLUTIONS TO PROBLEMS ON DIVISION 12 
GAS AND VAPOR CYCLES 


1. By For. (283): Thermal efficiency 


Heat converted into work 
Heat supplied from hot body 


= 0-34, or 34 per < 


2. By For. (284) : Coefficient of performance = 

Heat abstracted from cold body 800,000 

iBeat equivalent of energy supplied 194,500,000 -r 

Th — 

3. By For. (292), the efficiency E = 

0.84, or 84 per cent. 

4. By For. (298), the coefficient of performance ■ 


778 


= 3.20- 

2,800 “ 60 
2,800 + 460 


Tc 

Th “ To 


0 + 460 


= 5.11. 
= 0.424. 


90-0 
2 545 

6. According to the claim, the efficiency = 18 0^ 

A Carnot engine would by For. (292) have an efficiency = E == 

= 0.586. Therefore, the claim does not violate 

Th 2,/00+4bO 

the principle stated in Sec. 416. 
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6 . From the Moliier diagram. Fig- 343, the total heat of steam at 150 
lb. per sq. in. abs. and 250° F. superheat = Hi = 1,324 B.t.u, per Ih. 
Also, after isentropio expansion down to 1 lb. per sq. in. abs., the total 
heat ™ H2 = 954 B.t.u, per lb. From Steam Table 394, the heat of the 
liquid at the temperature corresponding to 1 lb. per sq. in. abs. = 
h2 — 69.8 B.t.u. per lb. Hence, by For. (299), the efficiency = E — 


7. Since, in the Rankine cycle, the work done per pound of steam is — 
For. (302) — — H2, in this problem the worh = 1,324 — 954 = 370 
B.t.u. per Zb. of steam. Now, since 1 hp.-hr. = 2,545 B.t.u. ^ the necessary 
weight = 2,545 -f- 370 = 6.88 Ih. per hp.'-hr. 

8. Since 1 gal. (231 cu. in.) of water weighs 8.33 lb., 5 lb. of water will 

occupy 231 X 5 8.33 = 138.8 cu. in. This is volume Vc, Fig. 377. 

Now, the displacement volume = 0.785 X6 X 6 X 15 = 424 cu. in. 
Hence, Vb (Fig. 377) = 138.8 + 424 = 562.8 cu. in. Therefore, by 

For. (307), the efficiency = E 1— 1— [^ 5^2 

= 0.429 or 42.9 per cent. 

9. The clearance volume = 0.05 X 6 = 0.3 cu. ft. Hence, point F, 
Fig. 381, represents a volume of 0.3 cu. ft. and a pressure of 100 lb. per sq. 
in. gage or 114.7 lb. per sq. in. abs. The pressure at point A, Fig. 381, is 
5 lb. per sq. in. gage or 19.7 lb. per sq. in. abs. To find the volume at A, 

use For. (235) thus': Va = =1.16 cu. ft. 

Hence, the low pressure capacity = 6-1- 0.3 — 1.16 = 5.14 cu. ft. Now, 
by For. (310), the volumetric efficiency — (Low-pressure capacity) — 
(Displacement volume) = 5.14 6 = 0.857 or 85,7 per cent. 

10. The clearance volzime (Vf, Fig. 381) == 0.04 X 8 = 0.32 cu. ft. 

By For. (235), Va = “ 0-32 = 1-117 cu. ft. 

Low-pressure capacity ~ Vb — Va (S -}- 0.32) — 1.117 7.203 cu. ft. 

11. By For. (311): P +14.7) 42.8 

lb. per sq. in. abs., or (42.8 — 14.7) 28.1 lb. per sq. in. gage. 

12. Letting Figs. 385 and 386 represent the cycle (but understanding 
that compression is adiabatic instead of polytropic as shown in these 
figures), the given data is; Tz> = 34° F. Pe = Pd = 40 lb. per sq. in. 
gage = 54.7 lb. per sq. in. abs. Pc = Pb = 130 lb. per sq. in. gage = 
144.7 lb. per sq. in. abs. Tb = 70° F. By For. (236), Tb - 

^ j 1-4 = 401 “ p, abs., otTb 69°F. 

k — 1 1.4 — 1 

Also, Tc = Tz)(^ = (34 + 460)f ^7) = 662° F. abs., 

or Tc = 192° F. Hence, for 1 lb. of air, the heat abstracted from the cold 
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room = Qp{Td — Te) “ 0.002,41 X [34 — ( — 59)] = 0.224 and the 

heat rejected to the cooling water — Op{Tc — Tb) — 0.002,41 X (192 — 
70) = 0.294 Also, the work done ~ {heat rejected by cooling 

water) — {heat abstracted from cold room) — 0.294 — 0.224 — 0,07 B,t.u. 
Hence, by Por. (284) the coefficient of performance = 

Heat abstracted from cold body _ 0.224 ^ 2 

Heat supplied as work 0.07 

13. "Weight circulated == 2,000 -r- 0.224 == 8,930 lb. per hr. Power == 

8,930 X 0.07 = 625 B.t.u. per hr., or 625 2.545 = 0.246 hp. 

14. By Table 400, the pressure corresponding to SO® F. is 153.9 lb. 
per sq. in. abs., and the pressure corresponding to 20° F. is 47.75 lb. per 
sq. in. abs. 

16. Referring to Fig. 387, the heat abstracted is represented by the area 
B'BCC^ which is numerically equal to He — Hjs. Now, from Table 400, 
He = 543.7 B.t.u. per lb. Also, Hb = hA (which, from Table 400) ~ 
47.8 B.t.u. per lb. Hence, heat abstracted = He — = 543.7 — 

47.8 ~ 495.9 B.t.u. per lb. Therefore, to abstract 2,000 B.t.u. per hour, 
there must be circulated: 2,000 -f- 459.9 = 4.04 lb. per hr. 

16 . mechanical efficiency = ° “ 

0.85 or 85 per cent. 


17. By Sec. 434, the mechanical efficiency 


Indicated work 
Shaft input 


18. By Steam Table 394, the temperature of dry saturated steam at 
115.3 lb. per sq. in. gage or 130 lb. per sq. in. abs. is 347.4° F. At 0.3 lb. 
per sq. in. gage or 15 lb. per sq. in. abs., the temperature is 213° F. 

Hence, by For. (292), the ideal Carnot efficiency = E — — ^ = 


” 0.166,6 or 16.66 per cent. From the Mollier chart 
(347.4 -{- 460) ’ 

(Fig. 343), the toted heat of dry saturated steam at 130 lb. per sq. in. abs. — 
Hi — 1,191 B.t.u. per lb., and after isentropic expansion to 15 lb. per sq. 
in. abs. the total heat = Ha — 1,034 B.t.u. per lb. By Steam Table 394, 
the heat of the liquid at 213° F. = h 2 = 181 B.t.u. per lb. Hence, by 


Hi 


For. (299), the ideal Rankine efficiency = E — 

1,191 — ^ 0.141,4 or 14.14 per cent. By For. (317) the engine 

Indicated work __ 130 X 2,545 


1,191 — 181 

efficiency — qJ QY igiYie 3,965(1,191 — 1,034) 

or 53.15 per cent. By For. (314), the indicated thermal efficiency = 


= 0.531,5 


130 X 2,545 
3,965 X (1,191 - 181) 


I ndicated work 
Heat input 

By For. (318), the mechanical efficiency 


— 0.075,2 or 7.52 per cent. 
Shaft o utp ut __ 120 
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or 92.4 per cent. By Bor. (315), the thermal efficiency 


120 X 2,545 
3,965 X (1,191 - 181) 


0.069,4 or 6.94 per cent. 


SOLUTIONS TO PROBLEMS ON DIVISION 13 
FUELS 

1. Total content hy percentage, elimiaating moisture == 25.00 -|- 

57.35 4- 5,15 = 87.50 percent, = 28.55 per cmi. volatile; _ 

o/ .ou 87.50 

5 15 

65.55 per cent, fixed carbon; 5.90 per cent, ash in the Dry Coal, 

Total content hy percentage, eliminating ash = 28.55 + 57.35 85.00 per 

cent, gg QQ 33.25 per cent, volatile. = 66.75 per cent, fixed 

carbon; in the combustible. 

33 25 

2. 0.5. From Fig. 406, it is found that a coal having ratio of 

volatile to fixed carbon of .5 has a heating value of approximately 15 40o 
B.t.u. per lb. of combustible. 

3. Ratio of volatile to carbon in = '^% 4 , = 0.25. From 

Fig. 406, this ratio shows a heating value of 15,850 B.t.u. per lb. of com- 
bustible. The ratio of volatile to carbon in the second case = ~ 

0,8. Fig. 406 shows this ratio to .produce 13,900 B.t.u. per Ih.^of com- 
bustible. Now, the first coal is 16 + 64’*= 80 per cent, combustible, 
whereas the second is 40 + 50 = 90 per cent, combustible. Hence, the 
heating value of the first coal = 0.8 X 15,850 = 12,680 B.t.u. per pound. 
Also, the heating value of the second coal = 0.9 X 13,900 = 12,510 B.t.u. 
per pound. Therefore, if only heating values are considered the first 
coal would be chosen. 

4. The second sample has less water and ash than the first. 

SOLUTIONS TO PROBLEMS ON DIVISION 14 
COMBUSTION 

1. By For. (329), the weight of air per pound of fuel burned, Wa = 

84 

3.036 X 0.8 X = 22.67 , 

2. By For. (330), the percentage of excess air above that which is theoreti- 
cally required, X, ~ 

- l) X 100 = - _ 


N - 3.782(0 - y^CO) 
100 = 41.3 per cent. 


X 
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3. By For. (331), -^e weighty of dry j^ue^gases per pound of coal burned, 
Wp = 


Z{COi 4- CO) 
rilXS-h8X7 + 7X (1+84)1 
^ 3 X (8 + 1) J 

21.90 lb. 


X 0.8 




88 + 56 + 595 1 


27 


"J 


X0.8 - 


4. By For. (334), the heat lost for each pound of coal purned due to the 
unhurned carbon monoxide. 

CO 

Hco -- 10,220 X ^ J X O = 10,220 X ^ X 0.8 = 908 

SOLUTIONS TO PROBLEMS ON DIVISION 16 
STEAM POWER PLANTS 

1. By For. (342), the efficiency of the boiler, furnace and grate = E 
” iT ' ^gQ ~ 9.698, or 69.8 per cent. 

2. From the steam tables (Table 394) it is found that the total heat of 
dry saturated steam at a pressure of 1501b. per sq. in. gage, is 1,195 B.t.u, 
per lb. But since the eedwater was admitted to the boiler at a tempera- 
ture of 210° F. each pound of feedwater contained 210 — 32 = 178 B.t.u. 
Therefore, the net heat which was absorbed by each pound of water in the boiler 

— 1,195 — 178 == 1,017 B.t.u. For each pound of coal fired, 55,120 5,350 
«= 10.30 Ih. of steam was formed. Therefore, for each pound of coal which 
was consumed, the boiler absorbed 10.30 X 1,017 ~ 10,475 B.t.u. By For. 

(342), the efficiency of the boiler, furnace and grate, E = = 

JdL lOjOUU 

0.787 or 78.7 per cent. 

3. The length of stroke = 22 12 — 1.83 ft. The effective piston 
area of the head-end — (16 X 16 X 3.14 -f- 4) = 201 sq. in. The 
effective piston area of the crank-end == 201 — (area of the piston rod) = 
201 - (2 X 2 X 3.14 ^ 4) «= 201 - 3.14 = 197.86 sq. in. By For. (343) 
the indicated horsepower developed in the head-end of the cylinder, P = 

PLAN _ 59 X 1.83 X 201 X 200 _ .c. ^ . 

33,000 33,000 “ 

By For. (343) the indicated horsepower developed in the crank-end of 

V ^ T> PLAN 59 X 1.83 X 197.86 X 200 ^ , 

the eyhnder, P = 33^000 = 129.4 hp. 

By Sec. b04:, the total indicated horsepower — 131.5 + 129.4 = 260.9 Ap. 

4. By Prob. 2, there was generated 55,120 lb. of steam during the 

10 hr. period, or 55,120 10 — 5,512 lb. per hr. If only 94 per cent, of 

this amount is consumed by the engine, the engine consumption — 
5,512 X 0.94 = 5,181 lb. of steam per hour. From Table 394, the total 
heat of dry saturated steam at a pressure of 145 lb. per sq. in., gage, is 
1,194.5 B.t.u. per lb. From Table 394, the heat of the liquid correspond- 
ing to the temperature of 220° F. is 188.1 B.t.u. per lb. By Prob. 3, the 
power developed within the engine cylinder was 260.9 hp. If 90 per 
cent, of this power is delivered to the shaft, the brake horsepower = 
260.9 X 0.90 =234.8 hp. By For. (344), the thermal brake efficiency ^ 
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^ 2,545 X Pj? _ 2,546 X 234.8 597, 566 

^ ~ ■W'sCH - h) 5,181 X (1,194.5 — 188.1) 5,214,158 ' 

11.4 per cent, 

6. From the solution to Prob. 3, the indicated horsepower was 260.9 iJip. 
From the solution to Prob. 4, the steam consumption was 5,181 Ih, per hr. 
Therefore, by Sec. 507 the water rate, which is the number of pounds of 
steam required to develop one unit of energy or 1 i.hp., == 5,181 -t- 
260.9 “ 19.8 Z6. of steam per indicated horsepower hour. 

6. By the solution to Prob. 2, the total heat of the steam generated in 
the boiler was 1,195 B.i.u. per Ih. By For. (345), the fuel saving, X = 

1 


32) 1,195 -- (70 - 32) 1, 

7, By Prob. 3, the weight of coal consumed during the 10 hr. period 
was 5,350 lb. From the solution to Prob. 2, the total average indicated 
horsepower developed during the test period was 260.9. Therefore, the 
total energy in horsepower-hours developed within the engine cylinder 
for the 10-hr. period = 10 X 260.9 = 2,609 hp.-hr. By For (346), the 

overall efficiency, W 2.05 lb. of coal per indicated 


horsepower-'hour. From Prob. 2, the heating value of the coal was 13,300 
B.t.u. per lb. By For. (347), the ot>erall efficiency, Q = H X W = 13,300 
X 2.05 = 27,265 B.t.u. per indicated horsepower-hour. By For. (349) 

the overall thermal efficiency, - 27^265 = cent. 

8. From Fig. 437, the average height of the indicator diagram is 0.723 
in. Since the scale of the spring is 50, the mean effective pressure = 
0.723 X 50 = 36.15 lb. per sq. in. 


SOLUTIONS TO PROBLEMS ON DIVISION 16 


INTERNAT^-COMBUSnON-ENGINE POWER PLANTS 
1. The area of the piston = 3.14 X (16 X 16) 


A Diesel engine running at 200 r.p.m. will have: 200 2 = 100 work 

strokes per min. By For. (351), the indicated horsepower for each cylinder. 


P = 


PLAN 106 X 2 X 201 X 100 


329.1 hp. Since 


33,000 33,000 

has 4 cylinders, the total indicated horsepower = 4 X 129.1 


the engine 
516.4 hp. . 


2. By For. (352), the thermal brake efficiency 


2,545 X 140 
15,400 X 128 


356,300^ 

1,971,200 


0.180, or 18 per cent. 


3. By For. (353), the brake horsepower: Pb For 

this engine, d^ = 7.5 X 7.5 = 56.25. L = 12. N 300. - 1. By 

Item 5 under For. (353), k\ == 16,400 and k^ = 0.5. Therefore, 
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.■t -r 7 1,' ^50.25 yK. 12 X 300 w i too k 

the hrakehof'sepower = f ~ i 6 400 X 1 = 12.3 — 0.5 = 

11.8 hp. Such an engine would probably be rated at 12 hp. 

SOLUTIONS TO PROBLEMS ON DIVISION 17 
BUILDING WARMING 

1. The total exposed wall area, A == (14 + 18) X 10 = 320 sq, ft. 
The volume of the room, V — 14 X 18 X 10 = 2,520 cii. ft. 

By Table 571, W - 2. By For. (361), the total heat loss, Qt = (Aa + 
0.26 A -f- 0.02;^)^ = (100 -h 0.25 X 320 -f 0.02 X 2 X 2,520) X 70 = 
19,600 B.t.u. per hr. for a south room, but since the room has a southeast 
exposure, this value should (Table 573) be multiplied by 1.05. Or, 
1.05 X 19,600 == 20,580 B.t.u. per hr. is lost. 

2. By Sec. 575, 0.02 B.t.u. will raise the temperature of 1 cu. ft. of air 
1° F. Therefore, the quantity of heat required to raise 30,000 cu. ft. of air 
70° F. = 0.02 X 30,000 X 70 === 42,000 B.t.u. 

3 . The allowance should be based on a 0-to-70° F. temperature raise. 
By For. (355), the allowance = Qa == 2,520/1 = 2,520 X 150 = 378,000 
B.t.u. per hr. 

4. The cubical capacity of the room == 20 X 20 X 10 = 4,000 cu. ft. 
By Table 571, about 2 complete changes of air will occur per hour, or 
2 X 4,000 = 8,000 cu. ft. of fresh air, which will be supplied per hour by 
infiltration. This will provide ventilation for: 8,000 -r- 1,800, or 4 
perso7is. 

6. By Sec. 561, the quantity of heat given off by 40 persons = 40 X 
400 = 16,000 B.t.u. per hr. 

The rate of heat emission of the line shaft = 75 X 2,545 = 190,950 
B.t.u. per hr. 

By Sec. 578, the rate of heat emission of the electric lamps ~ 16 X 100 X 
3.415 == 5,464 B.t.u. per hr. 

The total heat emitted per hour within the room, is, then, = 16,000 -\- 
190,950 + 5,464 = 212,414 B.t.u. 

6. The quantity of cool required, if the fur7iace was 100 per cent, efficient 
would be: 50,000 11,500 = 4.35 lb. per hr. Since only 55 per cent, 

of the heat of the coal reaches the room, the coal consumption must he: 
4.35 ^ 0.55 = 7.9 lb. per hr. 

7> From Sec. 593 the heat emitted per square foot of eciuivalent radia- 
tion is 240 B.t.u. per hr. Therefore the equivalent radiation required 

to provide 158,000 B.t.u. is 658.3 sq. ft. 

1.25Qr 

8, By For. (366), the requtstie grate area, A — ~ 

1.25 X 158,000 ^^27 so ft 

12,500 X 7“X W9 “ •' 
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9. 

V - 


By Fo7\ 
55Qr 


363, the volume of air required to warm the room, 

^ 70,000 _ 000 c'u ft ver hr 

(Ti - T 2 ) 135 — 65 5o,000 c . ft. p 

10. The quantity of air recirculated, ~V c — 0.20 X 55,000 = 11,000 

cu. ft. per hr. The quantity of air brought in from the outside, F© = 

55,000 — 11,000 = 44,000 cu. ft. per hour. By For. (367), the ratio, X = 

(Tf ~ ToWo + {Tf - TDVc _ 

■ 

(Vo - 


2.38; 


(180 - 0) X 44,000 -f (180 - 65) X 11,000 
(44,000 H- 11,000) X (135 - 65) 

Prob. 11, X = 2.38. By For. (368), the grate area, A = 
2.38 X 70,000 


11. By 

XQt „ _ 

HWE 11,000 X 8 X 0.65 


= 2.9 sq. ft. - 


SOLUTIONS TO PROBLEMS ON DIVISION 18 
REFRIGERATION 

1. The lowest temperature that can be obtained by surface evaporation 
is the wet-bulb temperature. From the psychro metric chart. Fig. 323, 
Div. 10, the wet-bulb temperature can be found when two properties 
are given, such as dry-bulb temperature and relative humidity. The 
point of intersection of the dry-bulb temperature line and the relative 
humidity line is found and then the wet-bulb temperature is read on the 
inclined ^'Wet-bulb Temperature” line. Thus for this problem, the 
intersection of the 70° F. dry-bulb temperature line and the 0.40 relative 
humidity line is determined. Following along the inclined line to the 
left, the wet-bulb temperature is found to be 55.8° F. Thus the lowest 
temperature that can be obtained by surface evaporation is 55.8° F. 

2. Heat absorbed in 24 hr. — C520 X 0.7 900)24 = (364 +• 900)24 

- 1,264 X 24 30,336 B.t.u. Since 1 lb. of ice will absorb 144 

B.t.u., the ice required in 24 hr, = 210.6 lb. 

k — 1 1 .4 - 1 

3. By For. (236), T 2 = ^ , T 1-4 

560 X 0 . 40 - 2 S 8 = 560 X 0.771 = 431.7° F. ahs. or -28.3° F. 

4. The pressure on the water must be the vapor pressure correspond- 
ing to the boiling temperature. The vapor pressure corresponding 
to the boiling temperature of 50° F. can be found by interpolating 
the values given for 32° F. and 59° F. in Table 394. Thus, the pressure 
that must be imposed on the water for it to boil at 50° F. ~ 0.088,6 

+ [(0.247,2 - 0.088,6) X = 0.088,6 + 

0.088,6+ 0.105,7 = 0.194,3 Ih. per sq. in. ahs. 
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6. Heat absorbed by 1 lb. of anhydrous ammonia is equal to the 
difference between the total heat of the saturated vapor at 29.95 lb. per 
sq. in. abs. and the heat of the liquid at 80° F. From Table 400, the 
total heat of dry saturated ammonia vapor at 29.95 lb. per sq, in- abs. is 
found to be 538.5 B.t.u. per lb. The heat of the liquid ammonia at 
80° F. is found from the same table to be 53.6 B.t.u. per lb. Then, the 
heat absorbed by 1 lb. of anhydrous ammonia — 538.5 — 53.6 ~ 484,9 

B.t.u. Ammonia vaporized per hour ~ ** 20.65 lb. per hour. 


6. The minimum pressure in the condenser is that which corresponds 
to a boiling temperature of 70° F. From Table 400 the pressure under 
which ammonia boils at 70° F. is found to be 129.2 lb. per sq. in. abs. 

7. Heat absorbed = Heat required to cool water to 32° + Heat required 
to freeze water into ice + Heat required to cool ice = (70 — 32) + 144 -b 
0.5(32 — 20) -= 178 B.t.u. 

8. Heat absorbed in 24 hr. == 260 X 2,000 X 5 =* 2,600,000 B.t.u. 
By definition, 1 ton refrigeration — 288,000 B.t.u. per 24 hr. Then 

• 2,600,000 

capacnty reqmred = =9,04 tons refr^gerat^on. 


9- Coefficient of performance = 


Heat extracted from cold body 
Indicated work of compressor 


288,000 

2 X (33,000 778) X 60 X 24 


= 2.36. 




INDEX 


A 

Absorber, 123 
Absorption, 132, 623, 629 
ammonia vapor, 631 
(See also Liberation) 

Action, mecbanical (see Energy, 
mechanical) 

Admission, point of, 477 
Admission stroke, 527 
Aether, definition, 39 
universal space, 36 
waves, 152 
Air, absorption, 146 
composition, 300 
changes, 450 
dry, weight, 447 
quantity, building warming, 595 
solution, 147 

Air changes, in buildings, 552 
under constant pressure, 200 
Air circulation, 613 
Air compressor, 402 
adiabatic process, 244 
Air conditioning, 305 
auditorium, 607 
Air convection currents, 117 
Air cooling, 605 
Air ducts, size, 601 
Air engine, 399 

Air evaporation rate, retarding, 
283 

Air expansion, 138 
Air gas, 425 
Air humidity, 300 

effect on heat loss, 458 
Air preheater, 484, 501 
Air refrigerating machine, 637 
low-pressure, 407 


Air refrigeration, 613 
Air supply, complete combustion, 
447 

fuel burning, 451 
Air thermometer, 50 
Air valve, 164 

Air velocity, warm air heating, 601 
Air-draft, 218 
Air-drier, 302 

Alberger-Curtis turbine, 481 
Alcohol, as fuel, 422 
Alcohol thermometer, 651 
Allen dense-air refrigerating ma- 
chine, 637 
Alloys, 256 

^‘American Electrician’s Hand- 
book,” Croft, T., on filaments, 
155 

'^American Practice in the Rating 
of Internal Combustion En- 
gines,” Ulbricht and Torrance, 
on brake horsepower, 543 
American Radiator Co., on hot- 
water boilers, 569 
on Plenum system, 593 
‘'A. S. M. E. Test Code,” on heat 
balance, 509 

on heating value of coal, 445 
Ammonia, critical conditions, 313 
Ammonia absorption refrigerating 
machine, 631 
Ammonia boiler, 618 
Ammonia compressor, 626 
Ammonia refrigerant, 619 
Ammonia vapor, 368 
tables, 370 
Analyzer, 632 
Aneroid barometer, 12 
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Anthracite, 435 

combustion rate, 460 
Antimony, solidification, 177 
‘'Applied Thermodynamics,’’ En- 
nis, on polytropic exponent, 
248 

Area representing work, 224 
Ash, 427, 429 
combustible, 451 
Atoms, 36 

Auditorium, air conditioning, 607 
Automobile chassis, 539 

B 

Bagasse, 418 
Balloons, buoyancy, 218 
Bark, 418 

Barn, ventilation, 219 
Barometer, definition, 9 
{See also Manometer) 

Barrus calorimeter, 358 
Benzol, 422 

Berryman, B. J., Co., ice cans, 644 
Bessemer gas engine, 523 
Bituminous coal, 435 
combustion rate, 460 
Black’s latent-heat experiment, 265 
Blast-furnace gas, 423 
Blower, 504 

Blow-pipe, oxy hydrogen, 133 
Boiler, ammonia, 618 
circulation, 116 
feed water {see Feed water) 
feeding apparatus, 485 
fire-tube, 469, 473 
function, 464 
furnace, 461 

heat balance, 459 
heat loss, 453 
radiant, 126 
types, 468 

fusible safety plug, 258 
gas circulation, 118 
grate area, building warming, 
588 

heat transfer, diagram, 128 


Boiler, horsepower, 475 
hot-water heating, 569 
locomotive type, 473 
rating, 475 

Scotch marine, 472, 474 
setting, leak, 461 
steam, classification, 469 
efficiency, 473 
formula, 460 
heating, 575 
water-tube, 469 
Boiling, definition, 284 
{See also Ebullition) 
Bomb-type calorimeter, 434 
Bourdon tube, 669 
pressure gage, 667 
steam gage, 15 
Boyle’s law, 190 
Brake efficiency, thermal, 483 
Brass, expansion, 161 
Brine, boiling temperature, 293 
freezing temperature, 261 
use in ice making, 256 
Brine cooler, 625 
Brine refrigeration, indirect, 639 
Brine system, gravity, 616 
ice making, 275 
British thermal unit, 67 
Brown Instrument Co., on tem- 
perature, 49 
Bubbles, 284 
Building, heat loss, 549 
materials, 550 
{See also Room) 

“Building Trades Handbook,” In- 
ternational Correspondence 
Schools, on open fireplace, 563 
Building warming, 545—604 
air quantity, 595 
apparatus, 563 
boiler, grate area, 588 
calculations, 546 
direct-indirect, 601 
exhaust steam, 581 
fuels, 546 

hot-blast system, 592 
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Building warming, indirect heat- 
ing, 590 
methods, 663 
application, 566 
Plenum system, 592 
radiating surface, 573 
steam, piping, 578 
warm-air furnace, grate area, 599 
Bunker, ice, air circulation, 604 
By-product coke plant, 311 


Calcium carbonate, 150 
Calcium chloride, 262 
Calcium sulphate, 150 
Calibration, gages, 673 

thermo-electric pyrometers, 662 
thermometers, 657 
Calorie, 68 
Calorimeter, 79 
bomb-type, 434 
electric, 72 
separating, 367 
tests, 424 

throttling, 353, 358 
formula, 366 
{See also Fuel, Coal) 

Can ice-making system, 641 
Candle, locating leak, 461 
Carbon, combustion, 440, 441 
in fuel, 427 

incandescent, effect on carbon 
dioxide, 442 

Carbon dioxide, action of carbon 
on, 442 

in flue gas, 448 
index of excess air, 461 
refrigerant, 620 
solid 612 
vapor, 368 
tables, 372 
vaporization, 315 
Carbon monoxide, in flue gas, 448 
heat loss, 454 
specific heat, 76 
Carburetor, 517 


Carnot cycle, definition, 386 
engine, 386 

Carpenter’s formula, 558 
Carrene, 620 

Carrier Engineering Corp., psy- 
chrometric chart, 306 
Castings, linear shrinkage, 178 
Celsius scale, 52 

Centigrade and Fahrenheit tem- 
peratures, table, 58 
Centigrade scale, 51 
Centigrade thermometer, calibra- 
tion, 52 

Central Scientific Co., calorimeter, 
79 

Change, 132 
frictionless, 242 
isentropic adiabatic, 242 
isobaric, 200 
gas, 237 
isometric, 197 
gas, 235 
isothermal, 192 
gas, 240 

poly tropic, gas, 245 
pressure-temperature, 194 
volume-temperature, 195 
Charcoal, absorbing power, 146 
definition, 419 
Charles’ law, 190 
definition, 194, 197 
graph, 319 

pressure variation, 231 
Chart, psychrometric, 305 
Chemical process {see Reaction) 
Chicago pneumatic Diesel, 524 
Chimney draft, 220 
Circuit, refrigeration system, 623 
Clanny-type lamp, 103 
Clock pendulum (see Pendulum) 
Clouds, 307 

Coal, analysis, 427, 432 
anthracite, 435 

combustion rate, 460 
bituminous, 436 

combustion rate, 460 
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Coal, burning, boiler furnace, 460 
calorimeter, 432 
classification, 435 
combustible material in, 431 
combustion, 447 
rate, 460 
composition, 440 
distillation, 311 

fragment, microscopic enlarge- 
ment, 418 
gas, 423 
hard, 435 

heating value, formula, 445 
graph, 431 
table, 426 
origin, 418 
semi-anthracite, 435 
sub-bituminous, 436 

{See also Combustion; Fuel; 
Calorimeter) 

Coal mine, section, 60 
Coefficient, of elasticity, 181 

of performance {see Performance) 
Coils, cooling, ice making, 275 
Coke, 419 

petroleum, 419 
Coke plant, by-product, 311 
Cold, definition, 49 
Cold storage, Dexter system, 614 
Jackson system, 609 
room thermometer, 654 
College Chemistry,'^ Smith, A., 
on solubility, 148 
Colliery, 419 
Color sensation, 154 
Combination graduations, pressure 
gages, 675 

Combustible material, 431 
in ashes, 415 
burning, 442 
Combustion, 439-4=63 
carbon, 441 
chamber, 466 

converting chemical energy into 
heat, 66 

definition, 25, 439 


Compound bar principle, 161 
Compression, fuel ignition, 521 
gas {see Gas) 
isentropic, 353 
pressure, 531 

Compression process, merits, 632 
refrigeration, 623 

Compression stress, due to heating, 
183 

Compression stroke, 528 
Compressive stress, 179 
Compressor, 244 
air, 403 
ammonia, 627 
centrifugal, 628 
definition, 402 
vapor compression, 626 
Comstock <fe Trowland, on atoms 
and molecules, 37 
Condensate pump, 489, 492 
Condensation, caxise, 281 
definition, 140, 275 
moisture in air, 307 
steam-heating plant, 577 
vapor, 299 

Condenser, ammonia, 623 
atmospheric, 624 
double-pipe, 625 
submerged, 624 
operation, 626 
simple, illustration, 141 
steam, barometric, 490 
ejector, 276 
Elliot-Erhart, 491 
function, 489 

Conductance, definition, 102 
formula, 110 
unit, 105 

{See also Resistance) 
Conduction, definition, 97 
heat flow, 111, 114 

loss from building, 549 
laws, 100 

power flow, 111, 114 
room warming, 548 
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Conductivity, building materials, 
550, 551 
definition, 106 
Conductor, electric, 155 
heat, 99 

pressure change (see Change, 
isobaric) 

temperature change (see Change, 
isothermal) 
process, 140 

volume change (see Change, 
isometric) 

(See also Insulators) 

Constant entropy expansion, 350 
Contact resistance (see Resistance, 
external) 

Contraction, castings, effect, 177 
definition, 137 
external work, 139 
lineal, formula, 168 
table, 178 
restrained, 179 
solids (see Solids) 

Convection currents, air, 117 
definition, 114 

heat transfer, utilization, 117 
room warming, 568 
ventilation, 118 
Cooler, weak-liquid, 631 
Cooling, by compressed-air expan- 
sion, 637 

Cooling buildings, 605 
Cooling auditorium, 607 
Cooling coils, ice making, 275 
Cooling engine cylinder, 541 
Cooling medium, vapor compres- 
sion, 623 

Cooling methods, 610 
Cooling tower, illustration, 273 
use, 492 

Corncobs as fuel, 418 
Crane Co., expansion valve, 625 
Croft, T., on air draft, 219 
on boiler classification, 469 
on convection, 119 
on draft gages, 668 


Croft, T., on elastic limit, 182 
on electrons, 38 
on engine tests, 538 
on engines and turbines, 475 
on evaporation, 271 
on filaments, 155 
on gravity-operated trap, 485 
on indicators, 676 
on radiant energy, 152 
on scale in boilers, 150 
on steam power plant devices, 
485 

on vaporization, 269 
Crosby indicator, 676 
Crystalline structure, 255 
Cycle, Carnot, 386 
compressor, 402 
definition, 375 
diagram, 381 
Diesel, 401 
efficiency, 379, 412 
gas, 375-4:16 

non-expansive engine, 382 
Otto, 399 
perfect, 386 
pseudo, 376, 382 
Rankine, 393 

refrigerating machine, 407 
steam engine, 397 
true, 376 
vapor, 375—416 

Cylinder, ammonia-compressor, 
626 

internal-combustion-engine, 541 
steam engine, 32 

D 

Dalton’s law, of gases, 250 
of vapors, 279, 283 
Darcet’s metal, 256 
Davis, H. N., on saturated steam, 
360 

Davis air valve, 164 
Davy lamp, 103 

Day & Night Solar Heater Co., 
on sim heating, 61 
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Dead- weight gage tester, 674 
Dense-air refrigerating machine, 
408 

Density, critical, 314 
definition, 215 
gases, 217 
Desiccator, 429 
Destructive distillation, 311 
Dew, 307 

Dexter cold storage, 614 
Diaphragm-type pressure gage, 672 
Diesel cycle, 532, 537 ‘ 
definition, 401 
Diesel engine, 534 

horsepower rating, 542 
indicator diagram, 401 
thermal efficiency, 538 
Disgregation heat, 47 
Disgregation work, 83 
definition, 86 
gas, 221 

Dissociation, definition, 133 
Distillates, 421 
Distillation, 308 
Draft, air, 218 

artificial, apparatus, 503 
chimney, 220 
gage, 668 
gas density, 190 
D-slide-valve steam engine, 476 
Dulong^s formula, 445 

E 

Earth, internal heat, 62 

Earth section, gas and oil wells, 60 

Ebullition, definition, 269 

(See also Boiling; Evaporation; 

Vaporization ) 

Economizer, 499 
fuel saving, 500 
Effective work, 230 
Efficiency, mechanical, 411 
thermal (see Thermal) 
volumetric, compressor, 404 
Einstein, A., on aether, 39 


Ejector jet condenser, 490 
Elastic limit, 182 
Elasticity, coefficient, 181 
Electric current, 25 
Electric waves, 152 
Electrons, definition, 37 
Element, definition, 36 
symbols, table, 37 
^^Elesco^’ superheater, 322 
Elliot-Erhart condenser, 491 
Endo thermal process, 134 
Energy, 1—34 
chemical, 24 
fuels, 424, 426 
conversion, 26 
definition, 21 
distinct from work, 29 
distribution, steam plant, 73 
electrical, 26 

transformation into heat, 64 
fixed, 22 

heat (see Heat energy) 
internal (see Energy, chemical) 
kinetic, 22 
mechanical, 63 
as area, 334 
conversion, 74 
definition, 24 
potential, 22 
radiant, 26, 120, 151 
transformation, 23 
table, 28 
units, 21 
Engine, air, 399 
Carnot, 386 
Diesel, 534 

horsepower rating, 542 
indicator diagram, 401 
efficiency, perfect cycle, 386 
four-stroke-cycle, 523 
gas, mixing fuel and air, 515 
gasoline, 542 
carburetor, 517 
heat, cycle, 393 
definition, 376 
efficiency, 377, 412 
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Engine, high-pressure, 534 
indicator, 676 

internal-combustion, 244, 513- 
544 

classification, 523 
compression pressure, 532 
cylinder cooling, 541 
definition, 513 
efficiency, thermal, 538 
fuel ignition, 519 
fuels, 514 
governing, 521 
Hesselman, 533 
horsepower rating, 542 
indicator diagram, 529 
operation, 527 
starting, 524 
tests, 538 

non-expansive, cycle, 382 
oil, 533 

fuel-injection valve, 519 
fuel-injection pump, 536 
Otto cycle, 537 
plant heat balance, 539 
non-expansive, 385 
Rankine-cycle, 395 
steam, cycle, 397 
cylinder, 32 
D-slide-valve, 476 
indicator, 676 

indicator diagram, 395, 478 
operation, 477 
reciprocating, 476 
two-stroke-cycle, 524 
Engineering Bull,"' U. S, Fuel 
Administration, on fuel heat 
content in steam power plant, 
508 

Ennis on polytropic exponent, 248 
Entropy, absolute, 338 
definition, 336 
total, 338, 345 

{See also Thermodynamics) 
Equations, thermochemical, 135 
Ether evaporation, 273 


Evaporation, definition, 269 
rate, 283 
surface, 610 

{See also Vaporization, Ebulli- 
tion) 

Exchanger, 631 

Exhaust steam heating, building, 
581 

feed-water, 493 
piping, 583 
Exhaust stroke, 528 
Exothermal process, 134 
Expansion, adiabatic, 350 
air, 138 
areal, 165 

definition, 169 

coefficient, computation, 165 
coil, vapor compression, 623 
constant-entropy, 350 
constant-heat, 352 
constant-pressure, 352 
cubical, 165 
definition, 170 
definition, 137 
external work, 139 
frictional, 224 
gas (see Gas) 
isentropic, 350 
joint, 183 
lineal, 164 
loop, 183 
restrained, 179 
solids {see Solids) 
superficial {see Expansion, areal) 
tank, 174, 570 
throttling, 224 
valve, 620 

Crane Co., 625 

volumetric {see Expansion, cubi- 
cal) 

Exposure, coefficients, 553 
External work, 83 
definition, 87 
gas, 222 
heat, 47, 231 
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Fahrenheit and Centigrade scale, 
58 

scale, 51 
Fan, 504 

Faraday on permanent gas, 313 
Feed water, gases, preexpulsion, 
147 

Feed-water heater, 495 
multi-stage, 497 
savings by, 496 
F6ry radiation pyrometer, 663 
Fireless cooker, 100 
Fireplace, open-grate, 563 
Float feed valve, 517 
Flow of heat, 73 
Flue-gas analysis, 449 
carbon dioxide, 460 
carbon monoxide, 454, 462 
composition, 448 
dry, heat loss, 454 
weight, 452 
Fluid pressure, 5 
Fog, 307 

Force, definition, 1 

steam impulse and reaction, 482 
{See also Weight) 

Forced-air circulation, 640 
Forgings, linear shrinkage, table, 
178 

Franklin and McNutt on specific 
heat, 76 

Freezing, definition, 255 
effect, 160 
mixtures, 261 
cooling by, 610 
temperatures obtained, 615 
point, 255 
table, 260 
pressure effect, 262 
tank, 642 
Freon, 620 
Frost, 307 
Fuel, 417, 438 
analysis, 427 


Fuel, briquetted, 419 
burning, air supply, 451 
buildings, 546 
calorific value, 426, 440 
calorimeter, 432 
chemical energy, 424 
in boiler, 453 
classification, 417 
combustion, 439 
oxygen, 446 

constituents, combustion, 440 
table, 426 

definition, 417 ^ 

economizer, 484, 499 
gaseous, 422 

internal-combustion engine, 
514 

prepared, 423 

heat content distribution in 
steam power plant, 60S 
heavy-liquid, 519 
heating valuer defined, 425 
measuring, 432 
table, 426 

ignition, internal-c ombustion 
engines, 519 

ignition temperature, 439 
injection valve, 519 
internal-combustion engines, 514 
liquid, 514 
natural, 420 
prepared, 421 
mixing with air, 514 
oil, 519 

quality, determination, 427 
saving, feed-water heater, 493 
selection, 437 
solid, 418 

unburned in ash, 453 

{See also Calorimeter, coal) 
Furnace, heat carried out by flue 
gas, 454 

temperature, determination, 83 
{See also Boiler furnace, 
Warm-air-furnace) 



INDEX 


713 


Fusion (see Melting) * 
pyrometer, 258 

G 

Gage, calibration, 673 
mercury, 14 
pressure, 16 
siphons, 671 
steam, 15 
tester, 674 
vacuum, 14 

(See also Pressure gage) 

Gas, absorption, 144 
air, 424 
artificial, 515 
blast furnace, 423 
change isentropic adiabatic, 242 
isobaric, 237 
isometric, 235 
isothermal, 240 
poly tropic, 245 
circulation, boiler, 118 
compression, 189 
adiabatic, 243 
Boyle's law, 191 
work, 228 
compressor, 244 
condition change, 235 
definition, 188 
constant, 209 
values, 212 

critical temperature, 315 
cycle, 375-416 
Dalton's law, 250 
definition, 41, 187 
density, 216 
draft, 190 

disgregation work, 221 
energy quantities, 235 
expansion, examples, 138 
adiabatic, 243 
Boyle's law, 191 
disgregation work, 221 
work, 228 

furnace pyrometer, 660 


Gas, heat phenomena, 187-254 
heating, at constant pressure, 
232 

formula, 91 
value, 426 
laws, 190 

combined application, 203 
liberation, 144 
liquefaction, 312 
, manufacture, 424 
molecular action, 43 
natural, 422 
pipe lines, 423 
oil water, 424 
perfect, heating, 221 
condition change, 234 
definition, 188 
expansion, 248 
permanent, 313 
Pintsch, 424 
power plant, 516 
pre-expulsion from feed water, 
147 

pressure, 18 

pressure-temperature changes, 
194 

refrigerating machine cycle, 408 
refrigeration, 617 
specific heat, 212, 231 
-volume, 276 

temperature, absolute, 196 
volume-temperature change, 195 
water, 424 
wells, 60 

working substance, 391 

(See also Coal gas ; Flue gas) 
'^Gas and Fuel Analysis," White, 
on heating value of fuels, 427 
Gasoline, definition, 280 
mixing with air, 517 
Gay-Lussac's law, definition, 195, 
200 

graph, 319 

General Electric Co. thermostatic 
metal strip, 162 
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General gas law, definition, 210 
problems, 213 

Generator, electric, definition, 26 
Glass, expansion, 161 
Goodenough, on ammonia-vapor 
properties, 370 
Grate area, boilers, 588 
warm-air furnace, 599 
Grate, coal burning, combustion, 
444 

Gregory and Hadley, on Halton^s 
law, 280 

Grinnel sprinkler head, 257 
H 

Hail, 307 

“Handbook for Heating and Venti- 
lating Engineers,'’ Hoffman, 
on intermittent heating, 654 
Hard water, definition, 150 
Harrison Safety Boiler Works, on 
exhaust-steam heating, 559 
Heat, 35—39 
absorber, 123 
abstraction, 131 
addition, 131 
effect, 159 * 
available, 412 
capacity, 75 
chemical reactions, 65 
combustion, 440 

conduction {see Conduction; 
Conductor) 

consumption, prime movers, 554 

definition, 45 

derivation, 60 

development, 63 

due to compression, 64 

frictional, 63 

internal, 93 

latent {see Latent heat) 
mechanical energy, 63 
equivalent, 70 
from rays, sun, 61 
reflector, 123 


Heat, source, 60—66 

specific {see Specific heat) 
sublimation, 142 
supply, room, 558 
unavailable, 412 
vaporization, 328 

{See also Solar heat; Sun) 
“Heat," Shealy on polytropic 
exponent, 248 

Heat balance, boiler furnace, 459 
gas power plant, 517 
steam power plant, 507 
table, 509 

Heat effect, 131—158 
electrical energy, 64 
emission, electric heater, 602 
energy, addition, 134 
as area, 342 

illustration, 335 
conversion, 74 
definition, 27 
expending, 83 
liberation, 134 
transfer, 333 

transformation into electrical 
energy, 150 
working principles, 90 
Heat engine {see Engine) 

Heat entropy, chart, 346 

{See also Entropy; Tempera- 
ture entropy) 

extraction, mechanical refrigera- 
tion, 623 
Heat flow, 73 
conduction, 101 
formula, 105 
rate. 111, 114 

Heat insulator {see Insulator) 

Heat loss, from building, 549 
Carpenter's formula, 558 
steam boiler furnace, 453 
steam pipes, 467 
Heat measurement, 67—96 
instruments, 649 

Heat pump {see Refrigerating 
machine) 



INDEX 


715 


Heat pump, quantity, 67 
radiant {see Radiation) 

Heat transfer, QT—ISO 
boiler, 128 

coefficients, materials, 551 
convection, utilization, 117 
effects, 45 
equation, 89 
perfect gas, 222 
radiation, 125 
room warming, 548 

(^See also Conduction; Convec- 
tion; Radiation) 

Heat transformation, 67—96 
Heat transmission coefELcient, 
building material, 551 
Heat waves, 120 
definition, 152 
reflection, 122 

Heat withdrawal, effect, 159 
Heater, electric, heat emission, 602 
feed-water {see Feed water) 
unit, 564, 590, 593 
Heating, direct, 563 
direct-indirect, 601 
hot water (see Hot water) 
indirect, 563, 590 
installation, design, 549 
efficiencies, table, 565 
intermittent, 553 
steam {see Steam heating) 
system, 584^587 
planning, 545 

{See also Building warming) 
Heating value of fuels, 426 
Hit-and-miss governing, 521 
Hoffman, on intermittent heating, 
54 

Horsepower, definition, 31 
indicated, 479 
rating, definition, 32 

internal-combustion engines, 
542 

Hot-ball ignition, 521 
Hot-blast system, 590 
Hot-bulb ignition, 521 


Hot-'water heating, 568 
radiating surface, 574 
system, 176 

illustration, 116 
Humidifier, 302 
Humidifying apparatus, 562 
Humidity, 300 

effect on comfort, 559 
relative, determination, 305, 678 
Hydrogen, in coal, 457 
combustion, 440 
in fuel, 427 
Hygrodeik, 679 
Hygrometer, defimition, 678 

{See also Thermometer, wet- 
and-dry bulb) 


Ice, latent heat, 265 

melting, refrigeration by, 612 
molecules, 41 
raw-water, cans, 643 
Ice cans, 643 
Ice making, 256, 275 
Ice-making capacity, 645 
systems, 641 
Ignition, 519 

temperature, 439 

Indicator diagram, compressor, 404 
definition, 675 
Diesel engine, 401 
Rankine-cycle engine, 395 
refrigerating machine, 408 
steam engine, 395, 478 

{See also Pressure volume 
diagram) 

Indicator, engine, 677 
Infiltration, 552 
Injector, 485 
Instruments, 649-682 
cost, table, 680 
temperature, range of, 681 
Insulation, refrigerated space, 608 
Insulators, material, 610 
{See also .Conductor) 
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Interchanger, 631 
Intercooler, 405 
Internal heat, 93 

International Correspondence 
Schools, on open fireplace, 563 
Intrinsic heat {see Internal heat) 


Jackson system, cold storage, 609 
Jet condenser, 490 
Joule’s experiment, 224 
Joule-Thompson effect, 221 
expansion, 353 

Junction, cold, thermo-electric 
pyrometer, 662 

K 

Kelvin, Lord, on disgregation work, 
221 

Kerosene, mixing with air, 517 
Kindling temperature {see Ignition) 


Lamps, 154 

Latent heat, condensation, steam, 
300 

definition, 91 
ice, 265 

illustration, 264 
melting, 263 
" table, 266 

solidification, 264 
steam, 296 
vapor, 327 

condensation, 299 
vaporization, 293 
liquid, 298 
table, 296 

Law of partial pressures, 250 
Lead, melting, 139 
specific heat, 80 
Leakage {see Infiltration) 

Lens, refraction, 124 


Liberation, heat energy, 134 
{See also Absorption) 

Light, definition, 151 

energy {see Energy, radiant) 
ray, deflection, 124 
waves, definition, 152 
reflection, 122 
Lignite, 435 

Linde liquid-air apparatus, 646 
Liquefaction, 140 
gases, 312 

Liquid air process, 645 
molecules, 41 
receiver, 623 

Liquids, absorbing gas, 146 
boiling temperature, 285 
contraction, 159—186 
dissolving solids, 147 
evaporation, 270 
expansion, 159-186 
cubical, 172 
molecular action, 43 
specific viscosity, 144 
specific volume, table, 276 
vaporization, 91 
latent heat, 298 
{See also Solution) 
Locomotive, fireless, 467 
heat balance, 509 
Losses, 459 

M 

Machine, refrigerating {see Refri- 
gerating machine) 
‘‘Machinery’s Handbook,” on 
metal strengths, 157 
Magnesium carbonate, 150 
Magnesium sulphate, 150 
Magnet, permanent, 155 
Manometer, 667 
mercury, 13 

{See also Barometer) 

“Manual of Mechanics and Heat,” 
Gregory and Hadley, on Dal- 
ton’s law, 280 
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Marks, L. 8., on ammonia gas 
absorption, 146 
on ammonia vapor, 369 
on boiling temperatures, 285 
on carbon dioxide vapor, 372 
on conductivity, 108 
on critical temperatures, 316 
on engine classification, 531 
on gas density, 217 
on latent heat, 296 
on melting and freezing points, 
260 

on polytropic exponent, 248 
on radiation constant, 126 
on saturated steam, 360 
on shrinkage, 178 
on specific heat values, 212 
volumes of liquids and gases, 
276 

on sulphur dioxide vapor, 370 
Marks and Davis, on boiling tem- 
peratures of water, 291 
on critical temperatures, 316 
on density of water, 359 
on specific heat, 76 
on superheated steam, 364 
Marvin, C. F., on humidity, 301 
on relative humidity, 304 
Mass, definition, 2 
Matter, 35—39 
composition, 36 
definition, 35 
indestructibility, 40 
properties which determine heat 
content, 67 
states, 41 

(See also Substance) 

Mean effective pressure, 479 
Mechanical action (see Energy, 
mechanical) 
efficiency, 411 
energy (see Energy) 

‘^Mechanical Engineers' Hand- 
book” (see Marks, L. S.) 


“ Mechanical Equipment of Build- 
ings,'' Harding and Willard, 
on heat supply, 559 
Mechanical-equivalent apparatus, 
70 

Melting, 255-268 
definition, 139 
latent heat, 263 
table, 266 
point, 139, 255 
points, table, 260 

pressure effects on, 262 
Mercury, 255 
barometer, 10 
expansion, 174 
gage, 14 

indicating thermometers, 651 
manometer, 13 
thermometer, 50 

graduation checking, 657 
Metal alloys, 256 
thermostatic, 161 
Metals, pyrometer thermocouples, 
661 " 

solidification, 177 
strengths, table, 156 
Method of mixtures, 79 
Metric unit (see Unit) 

Mietz and Weiss engine, 548 
Millikan and Gale, on rain, 308 
on relative humidity, 305 
on vaporization, 285 
Miners' safety lamp, 103 
Mirror, concave, 122 
Mixtures, method of, 79 
Modulus of elasticity, 181 
Moht, 105 

Moisture, condensation, 307 
in air, 458 
in coal, 456 
in fuel, 427 
Molecules, 34 
composition, 36 
Mollier chart, 346 
Mortar, for pulverizing of coal, 
428 
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Mosher on. ammonia vapor, 869 
Motion, definition, 39 
reducing, 677 

Moyer, J. A., on coal analysis, 428 
on temperature-measuring in- 
struments, 681 

N 

Naphtha, 421 

Natural gas well, piping, 422 
Nitrogen, in flue gas, 448 
as fuel, 427 

O 

Ohm's law of heat-flow circuit, 113 
Oil, distillation, fractional, 310 
furnace pyrometer, 660 
mining, 420 
wells, earth section, 60 
{See also Petroleum) 

Olla (water jaw), 274 
Onderdonk air valve, 164 
O'Neill, H-, on heat loss, 454 

due to hydrogen in coal, 457 
Orsat apparatus, 449 
Otto cycle, 381, 532, 537 
definition, 399 
engine, 542 
Overall efficiency, 483 
steam power plant, 505 
Oxygen, expansion, 239 
in flue gas, 448 
fuel, 427 

water solution, 147 
weight, fuel combustion, 446 
(See also Gas) 

Oxyhydrogen blow-pipe, 133 


Peat, 419 

classification, 436 

‘^Peele's Mining Engineers' Hand- 
book," on conductivity, 108 


Pendants, 259 

'^Pender's Electrical Engineers' 
Handbook," on conductivity, 
108 

Pendulum, compensated, 163 
•mercury, 172 
Perfect cycle, 386 
Perfect gas (see Gas, perfect) 
law (see General gas law) 
Performance coefficient, definition, 
378, 645 

maximum limits, 380 
Permanent gas, definition, 313 
Permanent magnet, 155 
Permanent set, 180 
Petroleum, 420 
still, 311 

(See also Oil) 

Physical process, definition, 131 
Pifres sun power plant, 61 
Pintsch gas, 424 
Pipes, steam, heat loss, 467 
Piping, dry return, 578 

exhaust-steam heating, 583 
hot-water heating, 569 
natural gas well, 422 
steam, function, 467 
heat loss, 503 

steam-warmed building, 578 
wet return, 578 
Piston pump, 487 
Planetesmals, 62 
“Plate" ice making, 644 
Platinum black, 145 
Plenum system, 590 
Point, of admission, 477 
of release, 477 

Popular Mechanics," Pyle, L., on 
thermometer, 161 
Porter, H. K., Co., on locomotive, 
467 

Pound, definition, 1 
Powder, chemical energy, 25 
Power, 1—34 

consumption, mechanical refrig- 
eration, 645 
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Power, definition, 30 
flow {see Heatflow) 
overshot water wheel, 32 
{See also Horsepower) 

Power, O’Neill, on heat loss, 454 
due to hydrogen in coal, 457 
Power plant, gas, 516 

internal- combustion- engine, 
513-544 
steam, 464-512 
auxiliaries, 484 
function, 464 

heat balance, 507, 509, 510 
illustration, 391, 465 
non-expansive, 384 
overall efficiency, 505 
portable, 466 
small-capacity, 486 
sun heating, 60 

‘‘Power Plant Testing,^’ Moyer, 
J. A., on coal analysis, 428 
on temperature-measuring in- 
struments, 649, 681 
pumping water, 30 
steam-engine cylinder, 32 ^ 
unit, 31 

“Practical Electric Illumination,” 
Croft, T,, on filaments, 155 
on radiant energy, 152 
“Practical Electricity,” Croft, T., 
on electrons, 38 
Pressure, 1—34 

absolute, definition, 15 
atmospheric, 8, 18 
barometric, 9 

change in, effect on boiling 
points, 287 

classification, steam heating, 578 
compression, engine classifica- 
tion, 532 
critical, 313 
definition, 5 
formula, 7 
gas, 18 
hydraulic, 18 
intercooler, 407 


Pressure, mean effective, 479 
thermal {see Temperature) 
Pressure determinations, 671 
{See also Gage, pressure) 
Pressure gage. Bourdon-tube, 669 
combination graduations, 675 
combined, 669 
definition, 13, 666 
diaphragm type, 572 
mercury, 14 
operation, 667 
vacuum, 14 
{See also Gage) 
Pressure-measuring, units, 18 
Pressure steam cooker, 290 
Pressure-temperature change, for- 
mula, 194 
Pressure units, 6 
table, 18 

Pressure-and-vacuum gages, 15 
Pressure volume diagram, Carnot 
refrigerating machine, 391 
cycle study, 381 
Diesel engine, 401 
Otto cycle, 399 
Rankine cycle, 394 
vapor refrigerating machine cy- 
cle, 410 

{See also Indicator diagram) 
Pressure volume graph, Carnot- 
cycle, 389 
work, 226 

Prime mover, heat consumption, 
540 

steam, commercial rating, 484 
definition, 475 
efficiency, 483 
function, 467 
steam rate, 483 
steam rate, reduction,. 502 
thermal efficiency table, 540 
Process, chemical {see Reaction) 
constant-temperature, 140 
endothermal, 134 
exothermal, 134 
physical, definition, 131 
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Producer gas, manufacture, 515 
Product of combustion, 440 
Pseudo cycle, 376, 382 
Psychrometer {see Sling Psychro- 
meter) 

Psycbrometric chart, 305 
Psychrometric Tables,” U. S. 
Dept, of Agric., on. saturation, 
279 

U. S, Weather Bur., Marvin, 
C- P., on humidity, 301 
Pumps, 487, 492, 536 
Pyle, L., on thermometer, 161 
Pyrograph, 660 
Pyrometer, 649 
definition, 659 

{See also Fusion pyrometer) 

R 

Radiant energy {see Energy, ra- 
diant) 

Radiating surface, area, 573 
proportioning, 574 
Radiation, black-body, 664 
boiler furnace, 126 
constant, 126 
definition, 119 
equivalent direct, 573 
formula, 124 
heat loss, 459 

transfer, formula, 125 
illustration, 125 
loss, 459 

pyrometer {see F^ry radiation) 
rate, radiator, 573 , 

“room wanning, 548 
transparent bodies, 120 
through vacua, 119 
Radiator, direct heating, 564 
direct-indirect heating, 601 
hot-water, 564 
radiation rate, 573 
steam, 564 

trap valve, 579 
Radiometer, rotation, 151 
Rain, 307 


^‘RandalPs Practical Heat,” on 
conductivity, 108 
Range, cooking, 567 
Rankine cycle, 381 
definition, 393 
modified, 398 
Raw-water ice cans, 643 
Reaction, chemical, 65 
definition, 132 
Reaumur scale, 51 
Rectifier, 631 
Reducing motion, 677 
Reeve, on energy transformation, 
28 

matter, 43 
Reflector, 123 
Refraction, 124 
Refrigerant, 619 

Refrigerating apparatus, vapor, 
618 

Refrigerating machine, air, 407 
calculation, 638 
ammonia absorption, 629 
Carnot cycle, 390 
cqefi&cient of performance, 645 
defibaition, 378 
cold-air, 637 
cycle, 407 
definition, 376 
dense air, 408 
gas, cycle, 408 
indicated work, 411 
rating, 644 
steam Jet, 633 
sulphuric acid, 635 
vapor-absorption, 631 
Refrigeration, 605—648 
definition, 605 
direct expansion, 639 
economy, 608 
gas, 617 

indirect air circulation, 640 
air expansion, 645 
mechanical, 610 

compressed-air expansion, 637 
heat extraction, 623 
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Refrigeration, mechanical, power 
consnmed, 645 
principal types, 617 
vaporized liquid, 621 
methods, 610 
natural, 610 
plant, ship, 606 
vapor, 409 
requirements, 608 
unit of capacity, 644 ^ 
use, 605, 641 
vacuum, 628, 633 
vapor, definition, 617 
economic operation, 635 
refrigerant, 619 
vapors used, 368 
water vapor, 633 
Refrigerator, 606 
Regelation, 263 
Register, location, 592 
size, 601 

Regulation valve, 620 
Release, point of, 477 
Resistance, definition, 112 
formula, 114 

pyrometer, definition, 665 
unit, 113 

{8ee also Conductance) 
Resistivity, definition, 113 
Rockwell, W. S., Co., on ther- 
mometric scales, 55 
Room, heat loss, 552 
formula, 555 
heat supply, 558 
heating installation, design, 549 
intermittent heating, 553 
occupied, humidity, 559 
temperature of incoming air, 597 
ventilation, 555 
warming, 548 

{See also Building) 

Rubber, expansion, 161 

Safety plug, fusible, 258 
Salt brine {see Brine) 


Salt brine, common {see Sodium 
chloride) 

molecule, composition, 38 
solubility in water, heat effect 
148 

Saturation, definition, 279 
{See also Steam; Vapor) 
Sawdust as fuel, 418 
Scale, boiler, definition, 150 
thermometric, 51 
Scavenging, 527 
Scotch marine boiler, 472 
Seger cones, 258, 666 
Shealy, on perfect cycle, 386 
on poly tropic exponent, 248 
Shearing stress {see Stress, shear- 
ing) 

Ship, refrigeration plant, 606 
Shrinkage {see Contraction) 

Siphon jet condenser, 490 
seal, 671 
Sleet, 307 

Sling psychrometer, 302 
Smith, A., on solubility, 148 
^‘Smithsonian Institution Bulletin 
on brine, 293 
conductivity, 108 
latent heats of melting, 266 
“Smithsonian Physical Tables, '' on 
• lineal expansion, 165 
on melting and freezing points, 
260 

on solubility of carbon dioxide, 
146 

salts, 148 

on wave lengths, 153 
Snow, 307 
Snowflakes, 308 

Sodium chloride, dissolved, freez- 
ing temperature, 262 
{See also Salt) 

Solar heat, source, 62 
[See also Sun) 

Solidification, 139 
latent heat, 264 

{See also Freezing) 
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Solids, absorbing gas, 144 
contraction, 159—186 
expansion, 159—186 
heating, formula, 90 
liquefaction, 260 
melting, 620 
molecular action, 48 
solution, 147 
specific heat, 79 

stress due to restrained expan- 
sion or contraction, 183 
Solubility in water, temperature 
variation, 148 
Solution, 132 

boiling temperature, 292 
changing solid to liquid, 260 
definition, 147 
saturated, 149 

solidifying temperatures, 256 
Space, universal, 36 
Spark, electric, 519 
Specific heat at constant pressure, 
232 

at constant volume, 231 
definition, 75 
determination, 78 
values, table, 77 

Sprinkler, liberating devices, 25^ 
State, change of, 132 
Steam, 319-374 
bled, 493 
boiler (see Boiler) 
pump, direct-acting, 382 
quality, determination, 358 
formula, 366 

saturated, dry, properties, table, 
360 ^ 

superheated, properties, table, 
364 

specific heat, 330 
temperature-entropy diagram, 
342 
wet, 321 

superheating, 367 
(See also Vapor; Saturation; 
Exhaust steam) 


Steam Boilers,*' Croft, T., on air 
draft, 219 

on boiler classification, 469 
on convection, 119 
on draft gages, 668 
on elastic limit, 182 
on scale, 150 

Steam, condensation, 299 
definition, 269 
ejector, 493 
engine (see Engine) 
''Steam-engine Principles and 
Practice," Croft, T., on engine 
tests, 538 

on engines and turbines, 475 
on gravity-operated trap, 585 
on indicators, 676 
Steam gage, Bourdon-tube, 15 
heat-entropy chart, 347 
heating, 574 
jet, draft, 503 
jet refrigeration, 633 
latent heat, 296 
plant, energy distribution, 73 
"Steam Power Plant Auxiliaries 
and Accessories," Croft, T., 
on evaporation, 271 
on steam power plant devices, 
484 

on vaporization, 269 
Steam power plant (see Power 
plant) 

Steam prime mover (see Prime 
mover) 

Steam radiator (see Padiator) 
Steam rate, 483 
reduction, 502 
Steam separator, 367 
Steam superheater, 502 
"Steam Tables," Marks and 
Davis, on boiling tempera- 
tures of water, 291 ' 
on critical temperatures, 316 
on density of water, 359 
on specific heat, 76 
on superheated steam, 364, 502 
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Steam turbine, 475, 480 
Steam-turbine Principles and 
Practice,’' Croft, T., on en- 
gines and turbines, 475 
Stefan-Boltzmann, formula, 124 
law of black-body radiation, 664 
“Stone’s Experimental Physics,” 
on gas laws, 198 
Stove, 564 

Strain, definition, 180 
{See also Stress) 

Strength, ultimate, 182 
Stress, compressive, definition, 179 
restrained expansion, 183 
definition, 180 
shearing, 179 
tensile, definition, 179 
{See also Strain) 

Sublimation, 140, 269 
definition, 141 
Substance, amorphous, 256 
crystalline, 255 
definition, 35 

thermal capacity, 75 * 

total heat, 93 

{See also Matter) 

Suction stroke, definition, 525, 527 
Sulphur, combustion, 440 
Sulphur dioxide, as a refrigerant, 
368, 620 

saturated vapor tables, 370 
Sulphuric acid refrigerating ma- 
chine, 635 

Sun, source of heat, 60 
Sun’s rays, refraction, 124 
Superheater, definition, 502 
Superheater Co., on superheater, 
322 

Surface condenser, 490 
Surface expansion {see Expansion, 
areal) 

Surface vaporization {see Evapora- 
tion) 

Sweating, of cold surfaces, 307 
Sylphon trap, thermostatic, 579 


Tanbark, 418 

Taylor Instrument Co., 663 
on recording thermometer, 679 
on relative humidity, 678 
on thermo-couple, 662 
on thermometer with socket, 653 

Telescope, pyrometer, Eery radia- 
tion, 663 

Temperature, 35—59 
absolute, 196 
boiling, refrigerant, 619 
critical, 313 
definition, 48 
effective, definition, 560 
Fahrenheit and Centigrade 
scales, 58 

for fuel ignition, 439 
of fusion, 255 

solidification, 255 
measuring, 652 

instruments, range, 681 
multi-point, determination, 659 
obtained with freezing mixtures, 
615 

pendants, 259 

thermometer calibration tests, 
658 

{See also Boiling) 

Temperature entropy, Carnot en- 
gine, 389 
chart., 346 
diagram, 342 

cycle stxidy, 382 
engine plant, nonexpansive, 
385 

Rankine Cycle, 395 
vapor refrigerating machine 
cycle, 410 

{See also Entropy; Heat en- 
tropy) 

Temperatures of important phe- 
nomena, table, 56 

Tensile stress, 179 

Test gage, 673 
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Thermal brake efficiency, 483 
Thermal capacity, definition, 75 
Thermal conductance (see Con- 
ductance) 

Thermal conductivity (see Con- 
ductivity) 

Thermal efficiency, 380, 412 
'Diesel cycle, 402 
heat consumption, 540 
heat engine, 538 

definition, 377 ^ 

indicated, 412 

internal combustion engine, 538 
Otto cycle, 400 
prime movers, 540 
Hankine cycle, 396 
steam power plant, 505 
Thermal resistance (see Resistance) 
Thermal resistivity, 113 
thorn (see Thom) 

Thermo-couple, 660 
Thermodynamics, definition, 29 
first law, 69 
second law, 72 

^'Thermodynamics of Heat-En- 
gines, Reeve, on energy trans- 
formation, 28 
on matter, 43 

Thermometer, definition, 50, 649 
home-made, 161 
wet-and-dry-bulb, 302, 678 
Thermos flask, 99 
Thermostat, 162 
Thom, 113 

definition, 105 

Thompson, Sir W., on disgregation 
work, 221 

Throttling expansion, 353 

calorimeter (see Calorimeter) 
^'Ton'’ refrigeration, 644 
Trap valve, steam radiators, 579 
Triumph freezing tank, 642 
Turbine, Alberger-Curtis, 481 
steam, 475 
function, 480 


Turpentine, expansion, 174 
Type-metal ingredients, 177 

U 

Ulbricht and Torrance on brake 
horsepower, 543 
Ultimate strength, 182 
Ultra-violet waves, 152 
Units, metric, 2 

and English system, table, 4 
U. S- Bureau of Standards, on 
mechanical equivalent of heat 
70 

on pyrometer calibration, 662 
on thermometer calibration, 657 
U. S. Department of Agriculture, 
on saturation, 279 
U. S. Fuel Administration, on fuel- 
heat content in steam power 
plant, 508 

U. S. Geological Survey, on heat 
loss, 462 

U- S. Weather Bureau, on relative 
humidity, 679 

^'Psychrometric Tables,'^ Mar- 
vin, C. F., on humidity, 301 
on relative humidity, 304 


Vacuum gage, 17 
calibration, 673 
illustration, 14 

Vacuum refrigerating machine, 
628, 633 

Vacuum systems, 579 
Valve, D-slide, steam engine, 477 
expansion, 625 
float feed, 517 
fuel injection, 519 
trap, 579 
Vapor, 319-374 
absorption, 629 
aqueous {see Steam) 
carbon dioxide, saturated, table, 
372 
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Vapor, Dalton laws, 279 
definition, 41, 187, 319 
dry, 321 
gasoline, 421 
heat engine, 393 
internal heat, 332 
mixed, effect on boiling point, 
282 

saturated, definition, 278, 320 
quality, 325 
specific volumes, 331 
superheated, 320 
definition, 322 
total heat, 329 
supersaturated, 320 
definition, 323 
total heat, 328 
water, heat loss, 456 
wet, 321 

entropy, 346 
total heat, 329 

working substance in Carnot* 
machine, 389 

Vapor compression, 349, 35S 

refrigeration machine, compres- 
sor function, 626 
refrigeration machine, essential 
parts, 623 

Vapor condensation, latent heat, 
299 

Vapor cycle (see Cycle) 

Vapor entropy values, 344 
Vapor expansion, 349 
Vapor function, 320 
Vapor pressure, 277 
Vapor properties, 323, 346 
Vapor refrigerating machine cycle, 
408 

Vapor refrigeration, 617 
economic operation, 635 
practice, 368 
Vapor tables, 325 
Vapor tension (see Vapor pressure) 
Vaporization, 269—318 
carbon dioxide, 315 
definition, 139, 269 


Vaporization, internal, 284 
latent heat, 293 
liquid, 298 
tables, 327 
volume increase, 275 

(See also Ebullition; Evapo- 
ration) 

Ventilation, 118 

heat loss from room, 554 
room, 555 

Vibration heat, 47, 231 

Vibration work, 83 
gas, 222 

Vilter Manufacturing Co., vapor 
compression, 622 

Viscosity, definition, 143 

non-crystalline substance, 256 
tests, 144 

Volatile matter in fuel, 427 
substance, 270 

Volume temperature changes, 195 

Volumetric efficiency, compressor, 
404 

W 

Warm air currents, 219 

Warm air furnace, 565 

grate area computation, 599 
illustration, 117, 561 
maximum temperature, 599 
pipeless, 436, 590 

Warm-air heating air velocity, 601 

Watch, balance wheel, 163 

Water, absorption of air, 146 
boiling temperature, table, 291 
circulation, in boiler, 116 
contraction, 174 
cooling in dry climates, 274 
critical conditions, 312 
decomposition, 133 
density, table, 359 
effects of heating, 47 
energy, 22 

evaporation, 61, 611 
expansion, 174 
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Water, freezing, 273 
expansion force, 176 
temperature, lowering, 263 
gas, 424 

heat required to change tempera- 
ture, 68 

molecule, composition, 38 
molecules, 41 

prevention of freezing, 262 
pumping, 30 
seal, 671 
specific heat, 76 
specific volume, table, 359 
Water pan, direct-heating system, 
562 

warm-air furnace, 561 
Waterpower, building heating, 547 
Water vapor, in coal, heat loss, 456 
in flue gas, 448 
refrigeration, 633 
{See also Steam) 

Water wheel, overshot, power, 32 
Watt, J., 31 
Wave length, 152 
Webster system, 583 
Weight, definition, 2 
measuring, 2 
unit, 3 

(See also Force) 

Wet-and-dry-bulb thermometer, 
302 

Wheeler condenser, 276 
White, on heating value of fuels, 
427 


Wiredrawing, 353 
Wood alcohol, 422 
Wood, distillation, 311 
Work, 1-34 
definition, 19 
diagram, 228 

disgregation (see Disgregation 
work) ' 

effective, gas expansion, 230 
external (see External work) 
formula, 19 

gas compression and expansion, 
228 

graphic representation; 224 
indicated, 411 
stroke, 525 
unit, 20 

vibration (see Vibration work) 
Working substance, 376 
vapor, 388 

Y 

York ammonia-compressor cylin- 
der, 626 

Young’s modulus, 181 
Z 

Zero absolute, 196 
Zero gage pressure, 17 
Zinc, solidification, 266 
Zoned heating system, 587 




